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FOREWORU 


This  report  is  Volume  I  of  a  series  of  reports  on  sound  propagation 
in  sound-absorbent  ducts  with  a  superimposed  air  stream  prepared  by 
Gottingen  University,  Gottingen,  Germany,  for  the  Bioacoustics  Branch, 
6570th  Aerospace  Medical  Research  Laboratories,  Aerospace  Medical 
Division,  under  Contract  AF  61(052)112.  The  work  was  performed' 
under  Project  7231,  "Biomechanics  of  Aerospace  Operations,"  Task 
723104,  "Biodynamic  Environments  of  Aerospace  Flight  Operations.” 
Principal  Investigators  for  Gottingen  University  were  Dr.  Erwin  Meyer 
and  Dr.  Fr  idol  in  Mechel.  Technical  and  administrative  personnel 
monitoring  this  effort  have  included  Dr.  H.  von  Gierke,  Capt.  W.  Elrodj 
R.  G.  "owell,  andJ.  N-  Cole. 

Initial  research  on  this  investigation  commenced  in  June  1958. 


ABSTRACT 


This  report;  Volume  I,  discusses  the  possible  effects  of  flow  on. 
airborne  sound  attenuation  in  ducts.  The  theoretical  part  results  in  a 
simple  attenuation  formula  which  considers  the  following:  change  of 
the  wav^elength  due  to  convection  of  the  sound  field;  change  of  the 
sound  pressure  at  the  wall  caused  by  the  flow  profile,  change  of  the 
characteristic  absorber  properties  by  nonlinear  effects,  and  sound 
scattering  by  vortices*  With  porous  absorbers  another  effect  Is 
caused  by  the  different  curvature  of  the  phase  plane  at  the  boundary 
of  the  absorber.  Measurements  with  a  porous  absorber  and  with 
damped  Helmholtz  resonators  show  reduction  of  the  attenuation  for 
sound  propagation  in  the  direction  of  the  flow  and  an  increase  of  the 
attenuation  for  sound  propagation  against  the  flow.  With  the  help  of 
pseudo-sound  In  flow  and  of  partial  waves  in  ducts  with  a  periodic 
boundary  structure,  the  sound  amplification  found  In  ducts  coated 
with  reactive  absorbers  can  be  explained  by  analogy  to  traveling 
wave  tube  amplification  phenomena.  This  analogy  was  confirmed  by  ‘ 
measurements  on  resonant  absorbers. 


PUBLICATION  REVIEW 


This  technical  documentary  report  has  been  reviewed  and  is 
approved. 

/  ydos.  M.  QUASHNOCK 
1/  Colonel,  USAF,  MC 

Chief,  Biomedical  Laboratory 
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*  • 

Poseibl©  effects  of  flow  on  air-fborne  sound  attenuation 
in  ducts  are  discussed  with  t^e  help  of  a  simple  attenuatl^on  - 
formula^  These  effects  are:  Change  of -the  wavelength  due  to  ^ 
convection  of  the  sound  ficid,  change  of  the  sound  preasure 
at  the  wall  caused  by  the  flow  profile,  change  of  the  charac¬ 
teristic  absorber  properties  by  non-linear  effects  and  sound 
^scattering  by  vortices,  ’I'ith  porous  absorbers  another  effect 
is  caused  by  the  different  curvature  of  the  phase  plane  at  the 
boundary  of  the  absorber.  Measurements  with  a  porous  absorber 
and  with  damped  delmboltz  resonators  show  reduction  of  the 
attenuation  for  sound  propagation  in  the  direction  of  the  flow 
and  an  increase  of  the  attenuation  for  sound  propagation  against 
the  flow. 

With  the  help  of  pseudo-sound  in  flow  and  of  partial  waves 
in  ducts  with  a  periodic  structure  of  the  boundary'  the  sound 
amplification  found  in  ducts  coated  with  reactive  absorbers  can 
be  explained  in  analogy  to  the  travelling  wave  tube  amplifica¬ 
tion.  This  analogy  was  carried  out  and  was  confirmed  by  measure¬ 
ments  on  resonance  absorbers. 


Part  I  Experimental  oet-up 
A.  introduction 

Attenuation  of  air-borne  sound  in  ducts  with  superimposed 
air  flow  is  a  prerequisite  in  many  technical  appii cations .  Por 
example  in  ventilation  ducts  in  buildings  the  noise  generated 
by  the  blower  should  not  enter  the  ventilated  rocms.  The  ducts 
should  also  uot  allow  noise  from  the  outside  to  penetrate  into 
the  building;  ,  These  ducts  should  therefor©  attonuate  the  air- 
borne  sound  propagating  against  the  flow  direction.  In  test 
rooms  for  Jet  engines  the  very  high  noase  level  of  the  Jet 
stream  has  to  be  reduced  before  the  latter  leaves  the  test 
room.  In  this  case  the  ducts  should  absorb  the  air-horn©  sound 
propagating  in  the  direotion  of  the  flow. 
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SlDC«  no  results  of  sjstemetlc  investigations  of  the 

sound  attenuation *in  flow  ducts  were*  available  it  was  usually 
attempted  to  determine  proper  attenuation  values  according  to  • , 
the  jiany  accurate  technical »  experimental  and*  theoretical  ex¬ 
periences  for  sound  atteniiation  in  ducts  '"with  resting  air.  ^ 

Plow  was  only  taken  into  consideration  with  respect  to  the  - 
technical  requirements  of  sci'ength  and  heatTcet ability  of^the?^"" 
absorbing  material  and  . structures.  Sometimes  heuristic  ^n- - 
sideratious  of  the  surface'  structure  of  the  absorbers  and  ’ 

p-  O 

of  the  lay-out  of  the  ducte  were  applied.'  <  ^ 

In  some  cases  it  was  found  that  the  attenuation  in  such 
absorber  arrangements  was  different  for  the  two  directions  of 
sound  propagation  and  -  which  was  especially  disappointing  - 
that  the  effect  of  the  absorber  was  much  lower  than  expected. 

During  their  course  of  development,  acoustics  and  aero¬ 
dynamics,  both  investigating  movements  of  air,  have  become 
different  scientific  fields  with  characteristic  laws  of  develop 
ment,  which  for  a  long  time  were  rather  divergent.  In  our  time 
the  application  of  high  flow  velocities  combined  with  high 
sound  levels  leads  to  a  closer  cooperation  in  solving  many  ..‘■ 
common  problems.  As  will  be  sho^rn  in  the  .v/oi-k  at  hand  the 
investigation  of  air-borne  sound  attenuation  in  flow  ducts 
leads  to  the  formulation  of  questions  oi’  gasuynumics.  In  this 
work  the  problem  was  to  be  treated  under  two  guiding  principles ^ 
In  the  first  place  an  experimental  basis  was  to  be  secured  for 
an  eventual  theoretical  treatment  of  the  experienced  phenomenal 
the  complexity  of  these  phenomena  can  only  be  open  for  a  theo¬ 
retical  discussion  at  tolerable  expenditure  if  experimental 
results  lead  a  way  to  a  logical  solution.  Furthermore  it  was 
to  be  tried  how  far  the  analogy  -  obvious  for  an  acusticidh 
with  electromagnetic  propagation  mechanisms  would  lead  in  the 
interpretation  of  the  experimental  resulics^  Therfore  the  analogy 
with  the  propagatibh  of  electromagnetic  waves  along  an  electron 
beam  in  the  travelling  wave  tube  was  kept  in  mind  daring  the 
investigation  of  the  sound  propagation  in  ducts  with  streaming 
air  and  especially  in  connection  with  the  experienced  sound 
amplification. 
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In  an  fairlior  ri-  2’  etfc equation  ms-.^ureaents  \verd 

made  in  ducts  wl  .;h  sb.j  irting  •.•fal la  and  wlt’a  a  -uperi  apcsad 
air  flew  It  was  l^ound  chat  'fae  aflcc--  of  tac  flc.v  on  the 
propagation  of  a^and  '^fivea  in  such  dacts  le  ;>uiiiSiai4i.2Qd 
i:;  to  three  t;  jserv^tiono ;  •  • 

1)  Tho  change  of  the  attenuation  .^f  porou.-i  absorbers  and 

(S:  •  ft  * 

highly  damped  resonance  Absorbers,  •  .  .  ^ 

'  2)  iilarked  attenuation  minima  signal  afiiplj  ficatlon  resp.. 

with  ^md?'J2ped-^re senators  ®  *  * 

.  3)  selftasccitation.of  ducts*  with  undamped -rpsoiidtore .®  ( 

'*  ^  ^  >  ©  O 

With  respoot  to  the  ‘first  two  ^^j)int3  this  .work  is  the  ®  o 
continuation  of  the  work  quoted  above;  tne  results  of  this 
earlier  work  «ill  be  used  here:fsever^l  times.  The  author' does  q 
not  know  of  any  other  experimental  investigation  concerning  the 
attenuation  of  air-bo^ne  sound  iiPf^ow  ducts*.  The  applicability 
of  the  theoretical  treatment  of  thi.^8  pi*oblem  by  Pridmore  -  .. 

Brown  £3]  will  be  tested  with  the  experimental  resulna  contai¬ 
ned  in  this  work«  >>. 


Measuring  Jechni^quo 
1)  Wind  tunnel 

-  The  arrangement  of  the  w^ad  funnel  rs  essentially  the  same 
as  described  dn  £1,  2,  .  Fig.l  gives  "a  schematic  view  of  the  set 
upi'^A  single-stage .  radi  rtl^blower  with  e  .caotor  of  7*5  kW  electrl 
cal  power  input  generates  the  air  flo.?.  The  flow  velocity  was 
adjusted  with  .the  help  of  a  throttle  valve  at  the  air  intake. 
The  pressure  tube  ;wa3  insulated  from  structure-borne  sound  from 
the.  blower  by.rutber  collars.  Such  insulators  were  used  also 
at  different  othiir!  places 'in  the  duct  to  prevent  disturbances 
in  the  test  tube  by  structure-borne  sound  generated  by  the  flow 
,inL  the  ducts.  !fhs  air  from  the  blower  is  penetrating  a  first 
silencer  of  1.5  m  lenr;;th  (not^eniered  inin,  Fig.l)  which  is 
constructed  In  a  way  t-  su^fess'-^e^ruor.t.-  pronounced  f re qu-jney 
components  of  the  blower  nqiee.  in''^bis  silencer  the  air  Was  ^ 
led  through  a  tube  ^d^'^perforated."  sheet  metal  through  a  trahs-  ^ 
vetsely  coffered  hox.  The  single  compai-t^ients  were  "'itned  c 


■»  • 

the  nois^  componente  to  t>e  attenuated^  by  proper  filling  with 
rock  wool  of  different  density.  After  this  silencer  alaoat 
.onl^  the  white  noise  of  the  flow  remains.  Blower  and  first 
silencer  were  situated  in  a  side  room  with  a  brick  partition 
wallo  In  the  measuring  room  the  flow  penetrated  another  ^ilen-^ 
cer  of  lo5  m  Ipngth  (see  Pig.l)  which  consisted  pf  an  arrange¬ 
ment  of  parallel  plates  of  rock  wool.  After  this  silencer ctho  o 
free  cross-section  of  the  duct  was  continually. reduced  to  the ^ 
entrance  of  the  test  tube.  In  front  of  the  test  tube  the  "  ^ 
generators  for  the  acouaticpl  signal  and  a  nozzle  forcVeloci^y 
meesurements  were  located.  For  measurements  of ^th^  sound  pro¬ 
pagation  against  the  flow  direction  the  sound ; sources  lay  at 
the  other  end  of  the  test  tube.  The  flow  velocity  was  partly 
measured  with  a  Pitot  tube  penetrating  about  70  cm  into  the 
test  duct  from  the  far  end.  The  teat  duct  had  a  length  of 
m  and  a  flat  rectangular  cross-section.  Typical  values 
of  the  cross-section  are  33  mm  height  and  99  mm  width.  The 
absorber  under  test  wets  put  on  the  vesper  broad  side  of  the 
duct.  At  the  end  of  the  duct  a  diffusor  of  1.5  m  length  made 
out  of  rock  wool  reduced  the  reflection  at  the  duct  termination ^ 
the  cross  talk  into  the  duct  and  the  noise  from  the  exhaust. 

For  measurements  of  attenuation  and  phase  velocity  of  the 
sound  wave  in  the  duct  the  probe  tuba  (8  mm  diameter)  of  a 
moving  coll  microphone  acoustically  matched  to  the  probe  tube 
was  drawn  through  the  duct  by  a  synchronous  motor.  For  minimal 
noise  level  a  probe  tube  with  lateral  openings  smoothly  coversd 
with  copper  gauze  proved  to  be  useful.  The  distance  of  the 
holes  from  the  streamlined  top  of  the  probe  was  fivetimes  the 
probe  diameter. 

In  the  wind  tunnel  described  above  the  maximal  obtainable 
and  usable  flow  velocity  depended  on  the  test  absorber =  With 
porous  absorbers  and  Helmholtz  resonators  witb  relatively 
smooth  surfaces  flow  velocities  of  up  to  80  m/sec  were  r“e^ bed  - 
in  the  test  tubej  X/h-resonators  with  deep  and  sharp-edged 
grooves  allowed  only  for  50  m/sec 
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2)  Measuriag  devices  and  methods.  *  ®  ^  ^ 

In  resting  air  two  cone-loudspeakers  on  opposite  sideg  “ 
of  the  test  t\jbe  were  used  as  sbund  sources  for  the  acoustical 
signal  to  be  measured.  The  loudspeakers  were  driven  in  pusla- 
pifl.l'^ahd  th^  had  an  electrical  power  input  of  8  watts  each 5 
-For  measurements  with  superimposed  flow  two  pressure  chamber 
loudspeakers  with  an  elactricdl  power  input  of  200  watts  each 
were  used  in  the  same  arrangement.  Power  was  supplied  from 
a  1  kW-power  amplifier.  Cooling  was  achieved  either  by^the'  flow 
itiself  or  by  a  special  blower.  '  o  ^  " 

The  microphono  was  connected  to  a  variable  heterodyne  fil¬ 
ter  of  6  cps  bandwidth.  The  filter  was  electrically  coupled  to 
the  built-in  beat  frequency  oscillator,  which  was  also  feeding" 
the  power  amplifier  of  the  single  sources.  Thus  the  signal 
frequency  was  always  in  the  center  of  the  pass-band  of  the  '  i" 
filter^ 

For  attenuation  measurements  the  voltage  at  the  filter 
output  was  registered  on  a  logarithmic  level  recorder  while 
the  microphone  probe  was  drawn  through  the  test  tube«  The 
inclination  of  the  recorded  line  was  evaluated  in  terms  of 
attenuation  per  unit  length  (dB/m). 

For  frequency  analysis  the  paper-drive  of  the  level  re¬ 
corder  was  coupled  to  ohe  frequency  drive  of  the  variable 
filter.  The  output  voltage  of  the  filter  was  registered  while 
the  frequency  of  the  filter  was  continually  varied.  Plg.^  2 
gives  a  block  diagram  of  the  arrangement  for  the  measurement 
of  the  phase  velocity  of  the  sound  wave  in  the. duct. 

Idy  comparing  the  phase  of  microphone  output  and  generator 
the  wavelength  in  the  duct  was  determined.  Phase  comparison 
measurements  in  streaming  air  have  to  he  made  with  frequency 
selection  to  ensure  a  satisfactory  signal  to  flow  noise  ratio. 
The  voltage  at  the  output  of  the  heterodyne  filter  can,  how¬ 
ever.  not  be  used  since  here  the  phase  relation  is  lest  in 
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O*  ft 

tbe  filtex'  Ttierefor-a  a  phase-sensitive  mixer  amplifier  a 

accal.l ^  ""lock-in*  amplifier” was  built.  Its  bandwidth  can 

« 

easily  be  adjusted. *  Measurements  were  made  vtLth^a  bandwidth 
of  J  ops.  A  third  octave  filter  was  used  JTor  preeelecticno  The 
signal  oniplitudo  at  the  measuring  input  of  the  lock-in  ampli- 

p  ft 

o  x  Tier  was  controlled  mechanically  to»glve  con3b3nt  input  voltage 

C  ^  o  a 

^  3or  this  purposo  a* level  recorder  was  connected  to  the ^hetero¬ 
dyne  filter.  GSie  recording  system  of  the  level  recorder  ie 
rigidly'  connected  With  the  slide  contact  of  the  logarithmic 
input  pote.iti c-iaetei'  and  It  is  moved  in  such  a  v/ay  that  the  . 
slide  contact  is  always  picking  up  a  constant  voltage,  'dith 
tViis  recording  apstem.  recording  the  signal  attenuation,  the 
sl.idt  contact  of  another^  identical  potentiometer  was  rigidly 
caiioected-.  This  second  potentiometer  was  supplied  with- the 
afiiplified  ana  preselected  microphone  voltage.  Following  the ^ 
recording  mot'eaen.ts  of  the  attenuation  recorder  the  slide  o 
cbntact  of  the  second  potentiometer  was  alt/ays- moved  in  _a  way 
to  pick  up  a  constant  voltage  of  the  signal  frequency  which 
fje.s  then  connected  to  the  measuring  input  of  the  Icck-in  ampli¬ 
fier..  Tho  reference  voltage  for  the  lock-in  amplifier  was 
taken  from  the  gene’^e.tor.  The  d  c.- voltage  at  the  output  of 
the  Icck-iu  amplifier  v/as  chopped  and  registered  with  another 
level  recordei-  The  dynamic  of  this  arrangement  was  45  dB^  The 
phase  recorder  recorded  the  square  of  the  a, volt  age  from  the 
chopper^  thus  tho  phase  differences  n  (.u  -  1.  are 

clearly  marked  for  evaluation.  Of  course  the  over-all  dynomie 
is  limited  by  the  dynaJiic  of  the  at-cenuati  on  recorder  as  act  n 
as  this  falls  bel/.w  45  dB  The  limits  of  the  measuring  accuracy 
aie  given  at  lev?  frequ ztneies  by  the  nuiDber  of  wavelengths  in 
the  duct  and  at  high  attenuation . values  by  the  number  of  wave- 
lengilis  displayed,  on  the  .attenuation  recorder. 

In  all  expe-rimeni  s  the  frequeacy  was  read  fr-am  a  frequency 
■'lae'er  calibrated-  vyith  a  quarr?  fj^equency  standax-d.  The  accuracy 
4  of  the  jattenuao.ica  raeasurements  differs  for  the  differenr 
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frequencii^s .  flow  velccities  and  absorber  types  because  of  th<. 
varying  (|ynamic  and  the  varying  evaluation  accuracy  of  tbo 
inclination  of  the  recorded  attenuation  lines.  The  accuracy 

0  4  * 

is  generally  lov;dr  for  very  small  (below. l.^*  d3/m)  and  ve3'y 

*»  •  *  r 

’large  (over  200  dB/m)  attenuation.  The  signal  to  no^ee  ratic 
luring  the  attenuation  measurement's  was.  if ^ not  explicitely 

.  stated  other'j/ise.  at  least.  25  dB:  it'-^as  usually  between  55  ""d 

* 

'4^  dB.  The  standing  wave  ratio  of  the  sound  pressure  caused  b;- 
reflections  at  the  duct  termination  was  below  4  dB,  The  cross  . 
talk  through  the  probe  tube  was  55  dB  below  the  sound  level 
through  tba  lateral  holes  at  the  top  of  the  probe c  The  cross-' 
talk  from  the  measuring  room  into  the  duct  was  below  -  45  If 

Part  II 

Attanuatloii  with  Dissipative  Absorbers . 

Por  air-borne  -sound  attenuation  mostly  porous  absorbers 
or  highly  damped  resonators  are  used?  these  are  absorbers  with 
predominating  dissipative  attenuation.  The  influence  of  the 
flew  on  the  propagation  attenuation  can  for  these, types  of 
absorbers  be  described  as  the  result  of  three  usually  inter¬ 
fering  flow  effects. 

A.  Inf luence__of^the^Plow  an_the  Air-^rne_Soimd__AtteDuation. 

In  order  to  obtain  a  general  survey  over  the  possible 
flow  effects,  we  shall  derive  an  expression  for  the %iropaga- 
tion  attenuation  of  the  fundamental  mode  in  a  duct  with^.absoiri^ 
bing  walls  and  a  superimposed  air  flow  for  the  simple  case  of- 
acplane  wave  from  a  discussion  cf  the  energy=  With  this  ex¬ 
pression  we  will  be  able  to  recognise  and  discuss  typical 
changes  of  the  attenuation  constant  which  are  caused  by  the 
flow. 
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The  wove  ehail  propagate  in  z-direction.  The  duct  has  a 
ractai  gular-  crocs-secti on  with  absorbing  surfaces  at  x  -  +  h- 
'fie  lock  at  a  section  of  unity  length  of  an  infinitely  broad 
duct  in  y  direction.  A'o  allc-*?  for  lateral  distribution  of  the 
sound  field  values  in  x-dlrecticn  due  to  the  wall  coatings, 
Betv.oon  the  sound  pressure  at  the  wall-,  the  particle 
velocity  normal  to  the  wail  and  the  admittance  L  of-  the 
wall  we  have  the  following  reiatioa 


V  -  L  p 
n 


(I } 


(the  horizontar  line  ‘  indicates  complex  values).  The  real 
part  of  the  sound  power  penetrating  through  a  wall  section  dz 
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—  ^  ■  v^)  ci7  -  !p  j  i.2) 


(  '  irdr  cj-’tes  imogl n -riea )  dith  I(x)  the  sound  inter  ■ 

Bi.  oy  wa  o'-itair.  -  or  the  scund  ne  wer  penpi-rrting  through"' a  cross  ’ 
3:ctj(  a  of  tae  duct  with  the  helghi-  h  end  the  width  unity. 


N  -  )  Kx)  dx 


(5) 
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Whence  follows  from  (2) 


- - {I(x)dx 


Whence  follcwi 


5(2)  -  exp  ( 


1  P-l^  *  . 

- - - 2 -  ) 

I  ICx)  dx 


We  substitute  a  •*  « ^2h.  (L)  in  (5)»  use  the  well  known  ex-  , 

pression  I  -  p^/oc  for  b  plane  wave  without  flow  and  obtain 

NCz)  -  e  "  ,  (5a) 

which  ia  a  generally  used  approximation  for  low  frequencies 
and  not  too  high  wall  admittance  (jp^j  "  Ipj  )«  C5»  « 

Equation  (5)  is  valid  over  a  wider  range  since  there  the  sound 
pressure  distx*ibution  is  taken  into  account. 

We  shall,  however,  only  try  to  get  a  survey  over  the 
effects  of  flow  on  the  sound  attenuation  with  the  help  of 
equation  (5),  by  studying  the  behaviour  of  the  single  compo¬ 
nents  in  the  attenuation  exponent.  We  will  therefore  only  deal 
with  the  most  simple  cases. 

1)  Change  of  \/avelongth. 

We  are  to  discuss  the  factor  z/ j  I(x)dx  and  therefore 


write 


H(z)  «  5^  exp  (  -  Az/  j  I(x)  dx) 


taking  A  as  constant.  This  expression  is  compared  for  a  plane 
wave  in  a  resting  medium  with  the  expressipn  for  a  p^ane 
wave  in  a  streaming  medium. 

In  resting  medium  we  have 


J  I<x)  dx  -  h  pV^c  -  Iq  b 


o 


o 


r 


o 


e 
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A  dimple  calculation  [33  reveals,  that  the  sound  intensity 
of  a  plana  wave  in  a  one-dimensional  flow  in  the  direction  ^ 
of  the  wave  normal  Is  equal  to 

•  • 

with  the  exception  of  terms  of  the  third  order*.  Hers  ^  is 
the  density  of  the  resting  medium,  p  the  sound  pressure, 
c  the  adlahatic  sound  velocity,  H  »  V/c  the  Mach  number  of 

« 

the  flow,  and  the  sound  intensity  of  the  plane  wave  with¬ 
out  flow. 

Fquation  (5h)  now  writes 


N(2)  -  exp  (  ■+'  S3)  ^ 

exp  (  -  2  ) 

with  the  attenuation  per  unit  length  at  a  flew  velocity 
Vi.  It  is  obvious  that 


%  *  rrir 


(9) 


If,  however,  the  attenuation  is  related  to  the  wavelength  \ 
i .  e. 


lf(2)  -  e 


-  Xa 


-  a 


f- 

J 


ao) 


and  if  the  change  of  the  wavelength  is  simultaneously  taken 
into  account 


c  +  V 
"T~ 


(1  ♦  M). 


Cll) 


it  becomes' obvious,  that  the  attenuation  constant  a‘  la  not 
affected  by  the  flow 


a* 


o 


V 


(12) 
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^  Thus  tbg  attenuation  change  caused  by  the  flow  as  expres- 

•  sad  in  (8)  can  be  attributed^  to  the*  increase  of  the  so^und 

wavelength^ for  propagation  in  flow  direction  (forward  propa¬ 
gation;  V,  l3  >  0)  or  the  de*crea&9  of  the  wavelength  for  pro¬ 
pagation  against  the  flow  direction  (backward  propagation ; 

V»  M  ■<  0)  respr. 

The  invariance  of  the  attenuation  constant  related  to 
the  free  field  wavelength  is  a  consequence  of  our  deduction 
from  a  j>lane  wave  in  a  duct  v/ith  a  small  wall  admittance  L. 

It  is  obvious  that  generally  the  attenuation  constant  should 
bo  related  to  the  duct  wavelength  X  and  that  i.is;;ead  of  (11^ 
the  wavelength  changes  according  to 


(15) 


u  ia  the  phase  velocity  in  a  duct  with  resting  air- 

If  this  flow  effect  should  give  a  complete  explanation 
of  the  change  in  attenuation  then  -  as  esaumed  here  -  the 
pressure  distribution  over  the  cross-section  of  the  duct, 
the  wall  conductivity  and  the  phase  velocity  rolaiJive  to  the 
medium  should  remain  unaffected  by  the  flow- 


2)  Change  of  the  pressure  distribution* 

In  expression  (5)  for  the  attenuation  e>:pou9ni-  the 
pressure  p^  at  the  absorber  surface  Is  contained  This  pressure 
can  be  changed  by  the  flow  while  all  other  facccrj  eniAin  un¬ 
changed. 

When  a  real  gas  is  streaming  through  a  duct  flew 

velocity  is  zero  at  the  wallc  It  Is  increasing  ia  a  boujidary 

layer  to  the  values  of  the  center  flowo  In  any  given  distance 

from  the  wall  the  phase  velocity  of  the  wave  Is  approxiithtely 

added  to  the  flow  velocity  at  this  test  point-  dxcert  from  the 

curvature  of  the  phase  plane  in  front  of  a  porous  absorbei' 

already  in  resting  air  [5]  these  phase  planes  are  aJditionally 

curved  by  the.  velocity  gradient  of  the  flow-  The  sound  pressure 

at  the  yall  will  he  effected  by  the  flow, 

0 
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The  curvature  of  the  phase  planes  and  of  the  sound 
beams  by  the  gradient  field  of  the  phase  velocity  is  a  typical 
problem  of  geometrical  acoustics.  It  is  a  characteristic  for 
geometrical  acoustics  that  all  properties  of  the  material 
involved  undergo  a  mariced  change  only  over  distance  large 
compared  to  the  wavelength-  With  the  duct  cross-section  and 
frequencies  involved  in  our  measurements  no  important  change 
of  the  pressure  distribution  could  therefore  be  expected. 

For  a  duct  with  sound  hard  walls  Pridmore-Brown  has 
calculated  the  change  of  the  pressure  at  the  wall,  caused 

by  the  flow  for  the  fundamental  mode  propagating  in  flow  direc¬ 
tion.  The  calculation  was  made  for  two  different  velocity 
gradients;  constant  gradient  and  turbulent  velocity  profile, 
in  approximate  solution  of  the  two-dimensional,  dissipation 
free  wave  equation  v;ith  superimposed  stationary,  transversely 
variable  flow  was  calculated..  For  constant  velocity  gradients 
the  solution  is  valid  for  low  values  of  the  gradient  and  for 
turbulent  flow  profiles  it  is  valid  for  boundary  layer  thick¬ 
nesses  large  compared  to  the  wavelength. 

In  both  cases  an  increase  of  the  pressure  at  the  wall 
over  the  pressure  in  the  center  of  the  duct  is  found-  The 
pressure  increase  is  reduced  with  decreasing  Mach  number  of 
the  center  flow  and  with  a  decreasing  number  of  wavelengths 
per  boundaiy  layer  thickness-.  If  the  effective  height  h  of 
the  duct  is  supposed  to  be  the  boundary  layer  thickness  then 
with  a  linear  velocity  profile  and  Mach  number  M  0,2  (this 
was  the  order  of  magnitude  reached  in  our  measurements)  the 
pressure  at  the  wall  exceeds  the  pressure  in  the  center  of 
the  duct  by  55  dB  for  kh  »  20  and  by  10  dB  for  kh  2n  i^e^ 

X  «  b.  For  a  turbulent  profile  the  pressure  increase  is  only 
17  dB  for  M  a  Oc2  and  kh  20  instead  of  55  dB  with  the  linear 
profile.  The  kh-values  and  20  are  the  only  values  which 
were  calculatad  by  Pridmore-Brown  in  a  tedious  numerical  proce¬ 
dure.  However,  by  extrapolation  to  the  values  present  in  our 
investigation  0^08  ^  kh  it  can  be  shown  that  this 

geometrical-acoustical  flow  effect  does  not  play  a  role  in 


our  measurements,  if  not  the  calculation  for  a  wall  with 
finite  wall  admittance  would  lead  to  essentially  different 
values.  * 

Pridmore- Brown  has  also  calculated  the  attenuation  per 
unit  length  as  a  function  of  kh  from  equation  for  a  tur¬ 
bulent  flew  profile  with  a  center  flow  of  Mach  number  0«4 
taking  into  account  the  change  of  the  wavelength  according 
to  the  preceding  paragraph  and  under  the  assumption  of  only 
a  small  wall  admittance.  This  calculation  was  made  for  a 
plane  wave  propagating  in  flow  direction.  It  is  shown  that 
for  kh>3  the  focussing  effect  of  the  sound  wave  at  the  walJs 
exceeds  the  increase  in  wavelength:  the  attenuation  is  higher 

than  in  resting  air  -  For  kh<5  the  attenuation  is  smaller  than 
in  resting  air  due  to  the  change  in  wavelength- 

3)  Variation  of  the  characteristic  properties  of  the 
absorber. 

It  was  in  the  two  preceding  paragraphs  assumed  that  the 
characteristic  properties  of  the  absorber  -  in  equation  {3) 
this  is  the  wall  admittance  It  -  are  not  changed  by  the  flowo 

It  is,  however,  kno’wn  that  with  many  acoustical  absorbers 
the  resistance  as  well  as  the  reactance  depend  on  the  amplitude 
of  the  sound  vibration.  For  Helmholtz  resonators  the  non¬ 
linearity  of  the  resistance  could  quantitatively  be  attributed 
to  the  occurence  of  vortices,  17,  8].  These  non-linearities 
are  also  observed  when  strong  direct  flow  is  superimposed. 

Like  in  resonators  also  in  porous  absorbers  a  non-linearity 
of  the  wall  admittance  can  be  caused  by  flow,  k  wall  admittance 
independent  on  flow  vvith  porous  absorbers  would  demand  for 
complete  super imposihg  of  the  sound  wave  and  the  streaming  in 
the  pores  of  the  absorber  caused  by  the  pressure  variations  of 
the  flow.  From  the  experiences  made  in  measurements  of  the 
flow  resistance  of  porous  material  we  have  to  conclude  that 
this  linear  superposition  cannot  be  expected. 

The  influence  of  the  flow  on  the  sound  attenuation  by 
change  of  wavelength  and  focussing  of  the  sound  energy  is  open 


to  calculation.  This  is  not  the  case  for  the  variation  of  the 

A 

characteristic  properties  of  the  ahsorher.  'e  are  still  lacking 
experimental  results  on  the  change  of  impedance  caused  by  flow 
parallel  to  the  surface o  „ 

Since  in  our  investigation  duct  dimensions  and  frequen¬ 
cies  used  exclude  the  geometrical-acoustical  effect  and  since 
furthermore  the  effect  of  changes  of  wavelength  can  be  elimi¬ 
nated  by  calculation  v/e  can  obtain  from  the  results  a  first 
information  on  the  effect  of  flow  on  the  charaoteristlc  pro¬ 
perties  of  the  absorber^ 

4)  Sound  scattering  by  vortices c 

Another  possible  influence  on  the  sound  attenuation  in 
flow  ducts  is  the  scattering  of  sound  by  vortices  in  the  flow 
i2.A.  Miiller  and  Matschat  [9]  have  made  an  experimental 
and  analytical  investigation  of  this  type  of  sound  scattering. 
As  a  characteristic  quantity  for  a  given  stationary  turbulence 
pattern  of  the  flow  the  ratio  r/X  v/as  found?  r  vortex  radius, 

X  sound  wavelength.  Below  r/X  ■*^1  the  scattered  sound  en?rgy 
is  decreasing  rapidly  with  the  fifth  power  of  r/X,  for  higher 
values  of  r/X  it  increases  with  the  second  po  er  of  the  ratio - 
Vith  the  small  duct  cross-section  and  large  wavelengths  used 
in  this  investigation  sound  scattering  is  v/ithout  influence 
on  the  attenua  ,ion.  A  measurement  of  the  attenuation  in  our 
duct  with  sound  hard  -walls  revealed  no  change  of  the  attenua¬ 
tion  at  different  flow  velocities  within  the  limits  of  measu¬ 
ring  accuracy.  But  also  for  larger  values  of  r/X  the  effects 
will  remain  small.  The  scattered  energy  is  increasing^  but 
for  increasing  r/X  the  scattering  becomes  more  and  more  for¬ 
ward  scattering o 

5)  Interaction  of  flow  effectSc. 

In  paragraph  1)  the  influence  of  a  change  of  sound  wave¬ 
length  on  the  attenuation  was  discussed  under  the  assumption 
that  the  phase  velocity  of  the  wave  remains  constant  in  a 
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coordinate  systera  moving  v;ith  the  ^flow.  In  paragraph  2)  only 
the  effect  of  the  flow  profAo  on  the  croos-sectional  distri- 
hution  04  the  pressure  was  discussed?  not  discussed  was  tbe 
influence  on  the  distribution  of  the  phase  over  the  duct  *  * 
cross-section  and  the  resulting  phase  velocity  of  the  wave 
in  the  duct.  The  oropagation  of  the  wave  in  the  gradient  field 
of  the  flow  can  be  treated  like  wave  propagation  in  layered 
media  in  which  the  v/ave  would  have  an  average  phase  velocity. 
Mao  the  effect  of  the  change  of  the  characteristic  properties 
of  the  absorber  according  to  paragraph  3)  on  the  change  in 
attenuation  according  to  paragraph  1)  is  obvious:  if  the 
effective  wall  admittance  of  tbe  absorber  is  varied  also  the 
phase  velocity  of  a  wave  propagated  along  the  absorber  is 
generally  changed. 

A  marked  effect  of  the  phase  distribution  in  the  flow 
profile  on  the  attenuation  in  a  duct  coated  with  porous  ab¬ 
sorbers  is  even  to  be  expected  when  the  velocity  gradient  of 
the  flow  does  not  produce  a  change  of  the  so-.  vr^ss'  :•& 
at  the  v/all  as  it  was  calculated  by  Pridmoi--^  >  ^ 

a  duct  -.'ith  sound  hard  walls. 

It  is  -veil  known  [8,  lOJ  that  an  original:/  p  i- 
V/ ive  propagating  along  a  porous  absorber  has  a  •  -  c 

surface  in  resting  air.  This  is  indicated  in  vhe  upp-;.-  Va¬ 
grams  of  Pig. 4.  The  hatched  area  be  the  abf  c  j  oor  --.Kih  a.,  r 
above  it.  The  sound  wave  shall  propagate  f  n  to  right. 

Then  the  angle  between  the  wave  front  .  -  ^  ’  og  ai  '• 

and  the  absorber  surface  is  according  to 


(14) 


given  by  the  porosity  ^  ^  the  flow  resistance  r  and  the  ratio 
of  air  density  ^  in  the  material  to  the  density  in  free 
space. 


•  • 


The  curvature  of  the  phase  surface  in  resting  air  is  a 
consequence  of  interference  of  the  sound  wave  in  front  of  the 
absorber  with  the  near  fields  of  the  compressional  wave  in 
the  material  and  with  the  surface  wave  at  the  boundary.  In 
resting  air  the  angle  is  generally  correlated  over  the 
boundary  conditions  for  the  three  waves  with  the  penetration 
of  sound  energy  into  the  absorber  so  that  a  smaller  angle  y  ^ 
stands  for  a  higher  penetrability  i.a^  for  a  higher  propaga¬ 
tion  attenuation. 

Sven  if  we  leave  out  of  consideration  that  a  change  of 
the  properties  of  the  material  by  a  superimposed  flow  is  pos¬ 
sible,  the  angle  between  phase  plane  and  absorber  surface  caji 
be  affected  by  the  phase  distribution  in  the  flow  profile.  In 
the  second  row  of  Fig. 4  a  diagram  of  the  flow  profile  is  given 
for  both  directions-  The  superposition  of  the  phase  velocit:  u 
of  the  sound  wave  and  the  transverse  variable  stream  veloci  V 
is  also  indicated.  In  the  case  of  sound  hard  boundaries  and 
boundary  layer  thicknesses  large  compared  to  the  wavelengto 
the  T?ave  front e  of  the  sound  ''?ftve  are  deformed  by  this  supor- 


poa-''ion  into  a  shape  the  flow  profile.  In  tli5 . 

caae  Te  will  also  oh.  sound  nrerrure  . 


di.er  ;eseoi  ’  ”  laragraph  2i).  If  the  trai  .eise  dimens.  ens 
the  flow  .  file  are  smaller  than  the  length,  howev,,:, 
the  pres^.:  constant  over  the  cr<  :  ;  .  '  tion  and  the  ph  vie 

surface  cf  tue  yave  can  no  longer  be  constr'ucted  by 
addition  of  phase  velocity  u  and  IocbI  :1ov*  velocity  Vj  the'.e 
is,  however,  still  an  additional  cur  i  if  the  wave  fronta 
at  the  wall  causod  hy  interference  the  flow  profile.  This 
additional  curvature  of  the  wave  fronts  bus  the  same  direction 
as  that  of  the  flow  profile.  By  adding  the  curvature  of  the 
wave  fronts  caused  by  the  flow  to  that  which  is  already  exist¬ 
ing  in  resting  air  in  front  of  porous  absorbers,  the  resulting 
angles  are  different  from  one  another  depending  on  the  sound 
propagating  in  or  against  the  flow  direction  as  it  is  indica¬ 
ted  in  the  third  row  of  Fig«4.  This  change  in  angle  is  not 
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connected  with  a  change  of  the  absorber  -jroperties  accordin^^ 
to  equo  (14),  such  an  effect  car.  occur  additionally.  In  any 
case  the  front-surface  angle^^is  correlated  with  the  penei:ra- 
tion  of  sound  enSrgy  into  the  absorber 5  although  the  corre« 
lation  is  different  from  that  in  resting  air.  In  the  neighbor- 
hood  of  the  absorber  flow  and  wave  front  include  the  angle 
According  to  Blokhintsev  [11]  the  sound  power  averaged  over 
one  period  penetrating  an  area  parallel  to  the  flow  of  unit 
cross-section  is  given  by 


N  (  ^^)  »  p  r  (  1 


u 


ain 


Whence  follows  that  different  attenuation  characteristics  are 
to  be  83q)ected  with  porous  absorbers  for  the  two  possible  pro¬ 
pagation  directions  relative  to  the  flow  direction®  This  dis¬ 
symmetry  is  disclosed  in  the  measurements  described  later >  For 
a  quantitative  investigation  more  measurements  should  be  devo- 
Ued  to  the  sound  field  and  the  flow  profile  at  the  absorber 
ri'j  rx'acc* . 


Measurer,. th  Piss xg'5tlve_ Absorbers. 


a  px  (tot’pc.  ,’.f  ore  as  absorber  a  rocK  wool  layer 
;  ■  -  i-T  b.y  u,  'o  . und  Hartmann)  cf  V3  mm  thick- 


ae:.r:  covereri  .'iwi.  ^erf 
lixe  poxf orated  sheet  v,  i  . 
of  mnij'  the  rear T ace  cf 

sheer  surface-  ,!lth  cr-  r.al  / 


sheet  s-n  the  flow  .jids  ••'a.s  te.e 
holes  a  diamet  .. 

Che  holes  was  the  entire 

of  a  covex  boar-i  cr  the  rear  ;ide 


the  absorber  was  ;  C'  one  broad  side  of  the  due  £  -nnA;?-- 

moderate  pressure.  I'ha  cracc-.;ecx:  on  cf  the  duct  was  33  -i 

mm^. 


In  Fig. 5a  a  sketch  of  the  croes-eecticn  rs  given;  u:;  uc 
given  is  the  attenuation  a  in  dB/m  as  a  function  ol  the  fr 
quency  in  keps.  The  flow  velocity  is  taken  as  a  parameter. 
Positive  values  of  V  indicate  sound  propagation  in  flow  direc¬ 
tion,  negative  values  indicate  propagation  against  the  flow 
direction. 


17 


During  thede  measurements  as  well  ar  during  the  following 
experiments  concerning  sound  propagation  in  both  directions 
two  pressure  chamber  systems  were  used;  one  at  each  end  of  the 
test  duct.  Thus  attenuation  measurements  could  be  carried  out 
in  both  directions  without  changing  the  absorber  arrangement. 

It  was  shown  in  [1]  that  the  scattering  of  the  measured 
values  is  caused  by  bending  vibrations  of  the  perforated  sheet. 

Por  forward  propagation  the  reduction  of  attenuation  is 
about  equal  over  the  whole  frequency  range.  For  V  a  +  70  m/soc 
and  1.0  kcps  the  attenuation  is  about  40  9^  lower  than  the 
corresponding  value  for  resting  air.  For  backward  propagation 
the  attenuation  is  increasing  evenly  but  not  at  the  same  rate. 

The  increase  in  attenuation  at  V  »  -  70  m/sec  and  1.0  kcps 
amounts  only  to  25 

The  attenuation  curves  for  the  different  flow  rates  are 
not  alike.  The  curve  for  V  ■  0  has  a  hunch  at  1.0  kcps.  For  this 
frequency  the  thickness  of  the  rock  wool  is  equal  to  a  q'Jarter 
wavelength  in  the  material.  For  forward  propagation  this  hunch 
is  evened  out  with  increased  flow  velocities.  Considering  that 
the  hunch  at  1  kcps  is  the  result  of  a  resonance  -  however 
wesJ:  -  this  observation  agrees  with  the  general  experience  that 
for  forward  propagation  especially  the  resonance  attenuation  of 
less  marked  resonances  is  reduced  with  increasing  flow  velocity 
(comp.  Fig. 6).  The  curves  for  backward  propagation,  on  the 
other  hand,  are  much  more  similar*  to  those  measured  with  resting 
air.  V/e  will  have  to  discuss  the  different  variation  of  resonance 
attenuation  in  connection  with  the  measurements  with  damped 
Helmholtz  resonators. 

According  to  the  remarks  made  in  paragraph  A,  the  varia¬ 
tion  of  the  attenuation  must  partly  be  caused  by  the  change  in 
wavelength  due  to  the  suparpoaition  of  flow.  In  order  to  elimi¬ 
nate  this  influence  the  phase  velocity  was  measured  in  the 
duct  with  resting  air.  Together  with  the  wavelength  It  is 


plotted  in  Fig. 6  versus  Trequency  f.  • 

The  attenuation,  per  wavelength  in  the  duct  for  a 
flow  velocity  7  was  calculated  according  to 

-  “v  V  ”  ^  -  "I:  ^ 

c 

from  :;h0  averaged  attenuation  curves  given  in  Pig.  5b  belonging 
to  the  measured  values  indicated  in  Fig.  5a>  The  results  are 
plotted  as  a  function  of  the  frequency  in  Fig.  7*  The  heavy 
drawn-out  line  is  the  attenuation  per  wavelength  at  V  a  Oo 
Measured  values  for  backward  propagation  are  found  in  the 
hatched  area.  The  curves  for  forward  propagation  are  given  as 
thin  lines* 

The  different  behaviour  of  the  attenuation  for  the  two 
propagation  directions  of  the  sound  is  obvious.  The  attenuation 
per  duct -wave length  is  nearly  constant  for  propagation  agadnst 
the  flow;  the  deviation  in  the  hatched  areas  is  at  first  in¬ 
creasing  v/ith  the  flow  rate.  It  reaches  a  maximum  for  V  - 
-  50  m/sec  (above  500  cps  the  curve  for  V  »<  -  50  m/sec  gives 
the  upper  limit  of  the  hatched  range)  and  then  decreases  again* 
The  curve  for  th''  attenuation  per  wavelength  at  7  -  80  m/sec 

is  identical  to  ohat  for  V  =  0  n/sec  within  the  measuring 
accuracy.  For  signal  propagation  in  flow  direction  the  devia¬ 
tion  of  the  attenuation  per  duct  wavelength  can,  according  to 
the  considerations  in  paragraph  A,  only  be  explained  by  flew 
dependence  of  the  characteristic  properties  of  the  absorber  or 
by  a  change  of  the  wave  front  to  surface  angle  ^  due  to  the 
velocities  gradient  io  the  flow.  It  is  remarkable  that  most 
of  the  deviation  is  observed  already  in  the  velocity  interval 
from  0  to  30  m/sec  while  the  deviation  is  changing  only  relative 
ly  little  at  higher  flow  velocities* 

The  dissymmetry  of  the  change  in  attenuation  related  to  the 
two  different  propagation  directions  is  very  distinct.  This  is 
clearly  visible  in  Fig, 8,  where  the  difference  oc^  -  of  the 
attenuation  per  wavelength  with  and  wi.thout  superimposed  air 


flow  at  sfraquencies  0.4,  O.St  and  1.4  kcps  is  entered  as  a 

funcrion  of  the  flow  velocity  7.  For  0.6  kcpa  values  derived 
« 

from  the  measuring  results  in  Pig. 5a  are  entered  as  thin 
lines  since  here  these  differ  very  much  from  the  approxima^* 
tion  curves  in  Pig.  5'b<.  The  dissymmetry  can  be  explained 
with  the  change  of  the  angle  ^  by  the  flow  as  was  discussed 
in  paragraph  A. 

V/e  have  to  mention  that  by  relating  the  attenuation  to 
the  wavelength  the  other  flow  effects  are  falsified r  an  in¬ 
crease  in  attenuaiiion  with  rising  flow  velocity  is  partly 
compensated  and  a  dissymmetry  with  smaller  attenuation  in 
forwau?d  direction  is  overaccentuated.  If  for  example  the  de¬ 
pendence  of  the  attenuation  a  on  the  flow  rate  V  is  written  like 


6  (V) 


(16) 


with  g(V)  the  additional  attenuation  reduction  by  the  flow, 
so  that 


^  ‘  ‘"c 


(17) 


then  it  becomes  obvious  that  at  V  0  g(V)  is  multiplied 
with  a  factor  greater  than  X  and  at  V  0  with  a  factor 
smaller  than  The  factors  differ  the  more  the  greater  the 
amount  of  Vo 

Another  often  used  absorber  arrangement  with  predomina¬ 
ting  dissipative  attenuation  consists  of  highly  damped  Helm¬ 
holtz  resonators.  In  Pig. 9  the  attenuation  constant  a  in  dB/m 
for  such  resonators  is  displayed  as  a  function  of  the  frequen¬ 
cy  f.  Also  given  there  are  the  geometrical  dimensions  of  the 
resonators,  A  trolitul  lattice  with  55  ®m  spacing  and  2  mm  wall 
thickness  was  glued  to  a  lucite  plate  of  10  mm  thickness.  The 
lattice  separated  the  resilient  volumina  of  the  single  resona¬ 
tors.  Precisely  centered  holes  (10  mm  diameter)  in  the  Incite 
plate  served  as  resonator  necks.  The  flow  resistance  was  given 
by  a  micropore  foil  glued  to  the  flow  side.  The  cross-sectional 
dimensions  of  the  duct  were  53  x  99 
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In  Pig. 9  again  the  marked  reduction  of  the  resonance 
attenuation  for  forward  propae;ation  is  to  be  seen.  Also  shown 
is  the  increase  of  the  resonance  frequency  caused  by  tne  flow. 
These  observations  were  already  reported  earlier.  The  shift 
of  the  frequency  of  maximal  attenuation  towards  lower  frequen¬ 
cies  for  sound  propagation  against  the  flow  (comp.  Fig.l6  for 
contr.)  is  unexpected.  In  backward  propagation  measurements 
the  attenuation  in  resonance  is  increasing  at  first  with  the 
flow  corresponding  to  the  contraction  of  the  wavelength.  But 
then  the  attenuation  is  dropping  again  in  spite  of  the  further 
contraction  of  the  wavelength.  The  obvious  reason  is  the  non¬ 
linear  increase  of  the  flow  resistance  in  the  pores  of  the 
mikropore  foil  in  front  of  the  resonator  necks. 

To  eliminate  the  effect  of  changes  in  wavelength  caused 
by  the  flow  the  phase  velocity  was  measured  in  the  duct  with 
resting  air.  Together  with  the  wavelength  the  results  are 
sho^^m  in  Fig, 6,  The  dispersion  within  the  range  of  the  resonance 
frequency  is  visible.  The  attenuation  per  wavelength  was 
then  calculated  according  to  equ.  15.  This  is  illustrated  in 
Fig, 10.  The  resonance  attenuation  is  decreasing  with  increasing 
flow  velocity  for  both  directions  of  propagation.  The  increase 
of  the  attenuation  per  wavelength  at  V  =  -4c  m/sec  and  the 
considerable  shift  of  the  maxima  at  V  >  0  was  caused  by  a 
"wrong"  choice  of  when  reducing  according  to  equ.  15*  In 
order  to  reduce  to  the  real  duct  wavelength  at  the  flow  velo¬ 
city  V,  u^  had  to  be  that  velocity,  which,  added  to  V, 
leads  to  the  phase  velocity  of  the  wave  in  the  duct  at  a 
flow  velocity  V.  u^  was  determined  in  resting  air;  however  the 

flow  leads  to  a  change  of  the  resonance  frequency  and  thereby 
also  to  a  change  of  the  phase  velocity  relative  to  a  coordinate 
system  moving  with  the  flow  and  this  change  is  especially 
noticeable  at  and  around  the  resonance  frequency.  But  since 
relating  the  attenuation  to  the  wavelength  should  reveal  all 
other  flow  effects  on  the  attenuation  it  is  justifiable  to 
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use  for  the  reduction.  According  to  earlier  investigations 
and  to  results  discussed  in  part  III  of  this  work  even  a  sin^-l? 
resonator  changes  its  resonance  requency  in  flew. 

Apart  from  these  anomalies  caused  by  the  use  of  u^  V 

instead  of  u  for  the  reduction  of  the  attenuation  constant 

V 

a  symmetric  change  of  the  attenuation  with  the  flow  velocity 
is  seen  from  Fig. 3b.  In  Fig.  3b  again  the  difrereaco  bet.-/een 
the  attenuation  constants  per  wavelength  with  superimposed  i"  cw 
and  in  resting  air  is  plotted  agelnst  the  flow  velocity-  The 
higher  symmetry  cf  the  attenuation  coanga  compared  to  Fig. Pa 
insplte  of  essentially  the  same  structure  of  the  absorber  sur¬ 
faces  cor-f:.rms  the  explanation  given  fer  the  diss.ymmetry  of  the. 
attenuation  change  with  the  porous  ausorber- 

lart  III 

ScvVQp  i^r^pilficaticn  with  Raactave  Absorbers  _ 

Sometimes  minima  of  sound  attenuation  in  flow  ducts  with 
damped  resonance  absorbers  are  ot served  [2J  the  frequ.ency  of 
which  is  changing  with  the  flr-w  velocity^.  These  minima  are 
related  to  the  reactive  character  of  the  absorbers;  they  are 
more  clearly  visible  and  can  even  cause  sound  amplification 
v/hen  undamped  resonance  absorbers,  i.e.  absorbers  with  pre¬ 
dominating  reactive  attenuation,  are  used. 

Ctiaracterlstlc  for  reactive  absc  'bers  in  resting  air  is 
a  high  resonance  attenuation  wit’r  a  small  bandwidth.  Under 
the  influence  of  the  supeiiuiposec  flo?/  generally-  shift  of  the 
resonance  to  higher  f quonc  las .  tendency  towards  seif-excita¬ 
tion  and  occurence  of  deattenuatioh  or  signal  amplification 
resp.  are  obsorvedv  In  this  part  of  tlio  .vorh  deattenuation  and 
sound  amplification  caused  by  flow  v/.i  ’  i  be  investigated. 
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In  [2]  attenuation  measurements  with  undamped  Helmholtz 
resonators  vjere  leportedr  For  comparison  with  other  measure¬ 
ments  the  more  important  results  are  shown  again  in  Figdlo  The 
dimensions  may  be  read  from  the  diagram  of  the  cross-section  in 
Fig. 11.  In  these  measurements  the  sound  propagated  in  flow 
direction.  Measurements  with  backward  propagation  will  be  dis¬ 
cussed  later.  Foi  the  investigation  reported  in  the  v/ork  at 
hand  mor  powerful  signal  sources  were  available  than  for  the 
former  experiments.  This  enabled  a  checking  of  the  amplitude 
dependence  of  the  amplification. 

In  Fig .12  attenuation  measurements  for  three  different 
signal  levels  at  a  flow  velocity  V  ■*  +  45  m/sec  is  displayed-. 

Ko  ahsoluto  calibration  of  microphone  and  filter  was  carried 
out.  All  levels  are  related  to  an  arbitrary  reference  level,* 
the  reference  level  is  the  same  for  all  level  values  given  in 
this  text.  The  signal  level  during  the  earlier  measurements 
given  in  Pig- 11  was  about  40  dB.  The  attenuation  vith  super¬ 
imposed  air  flow  is  according  to  Fig. 12  independent  on  amplitude 
except  in  the  amplification  range.  In  the  same  way  the  attenua¬ 
tion  in  resting  air  is  independent  on  amplitude  over  the  whole 
frequency  range  within  the  measuring  accviracy.  Fig.  15  illustra¬ 
tes  the  amplitude  dependence  of  the  amplification  in  detail r 
The  level  of  the  flow  noise  in  these  measurements  was  about 
6  dB.  For  signal  levels  up  to  45  dB  no  systematic  change  of  the 
amplification  with  the  amplitude  was  observed  within  the  limits 
of  the  measuring  accuracy.  For  higher  amplitudes  the  amplifica¬ 
tion  is  reduced;  simultaneously  the  frequency  of  maximal  ampli¬ 
fication  is  changing.  For  all.  signal  amplitudes  the  recorded 
sound  pressure  as  a  function  of  the  distance  from  the  sound 
source  (logarithmic  scale)  is  a  straight  line  disturbed  by  a 
mors  or  less  marked  wavyness.  Pig. 14  and  15  show  curves  recor¬ 
ded  on  a  level  recorder  during  such  measurements.  In  Pig. 14  the 
signal  level  is  about  40  dB,  In  Fig. 15  the  curves  show; 
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a)  The  sound  pressure  in  resting  air,  b)  tbs  flew  noise, 
c)  to  f)  recordings  for  a  flow  velocity  V  *  +  45  m/sec  and 
different  signal  levels.  Fig. 15  is  an  example  of  a  wavy 
curve.  The  wavyness  at  low  signal  levels  at  the  entrance  of 
the  duct  might  be  caused  by  a  parasitic  wave  cf  equal  frequen¬ 
cy  but  different  phase  velocity.  The  accuracy  of  the  phase 
measurements  in  the  flew  was  not  sufficient  to  investigate 
phase  velocity  and  source  of  the  parasitic  wave.  The  occuren¬ 
ce  of  wavyness  in  amplification  ranges  is  only  sporadic  Csss 
Fig,  14),. 

The  attenuation  was  measured  with  the  same  resonators 
also  with  sound  propagation  against  the  flow  dlroctlonj  the 
results  are  given  in  Fig. 56-  For  reetlng  air  the  curve  is 
drawn  out;  with  superimposed  flow  only  the  part  above  the 
resonance  is  given  for  clearness-.  Below  the  resonance  an 
attenuation  increase  is  ebaerved  corresponding  to  the  change 
of  the  wavelength  caused  by  the  flow-  In  the  neighborhood  of 
the  resonance  this  effect  is  masked  by  the  shift  and  the  re- 
ducticn  cf  the  resonance  attenuation.  The  resonance  attenua 
tion  is  changes  to  the  same  degree  and  in  the  same  dl recti cn 
as  with  forward  propagatica.  There  is  no  amplification. 

For  the  flow  velocity  Y  •  8C  m/seo  an  area  around 
2  keps  is  hatched  Such  areas  are  observed  for  all  fl;  w  rates 
Just  before  the' slightly  marked  attenuation  maxima  but  they 
are  net  indicated  separately  for  the  other  flew  rates- 

In  these  areas  the  attenuation  cannot  be  defined  un¬ 
equivocally.  There  are  two  distinctly  different  slopes  on  the 
recordings:  a  steeper  one  in  the  neighborhood  of  the  sound 
source  and  a  flatter  one  in  greater  distance-  Both  cf  them 
become  steeper  with  rising  signal  amplitude  The  slope  ob¬ 
served  in  greater  distance  from  the  sound  source  is  subject 
to  a  much  stronger  change  with- amplitude  than  the  sound 
pressure  decrease  near  the  loudspeaker-  '.Vith  increasing 
signal  amplitude  also  the  range  with  the  steeper  slope  is 
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extenaing,  Xn  '^hesa  frequency  ranges  only  two  statements  are 
defined  to  a  certain  extent;  The  drop  of  the  sound  pressure 
near  the  sound  source,  which  is  relatively  independent  on 
amplitude,  and  the  frequency  of  minimal  pressure  decrease  in 

O 

a  greater  distance  from  the  signal  source.  In  Pig. 16  the  slope 
of  the  curves  recorded  at  the  far  end  of  the  duct  is  plotted  ' 
as  the  lower  limit  of  the  'hatched  area  for  V  «  -  80  m/sec 
(at  a  signal  to  noise  ratio  of  15  dB)o  Otherwise  the  slope  of 
the  recordings  in  the  neighborhood  of  the  sound  source  idistan- 
ce  up  to  80  cm)  was  used  in  Fig. 16. 

We  have  discussed  the  pressure  course  in  these  areas  in 
more  detail  since  they  are  very  different  from  the  sound  ampli¬ 
fication  with  forward  propagation.  First  of  all  this  is  true 
for  the  amount  of  deattenuation.  Furthermore  for  backward  pro¬ 
pagation  the  inclination  of  the  pressure  records  at  the 
farther  end  of  the  duct  shows  a  strong  dependence  on  amplitude 
even  for  the  smallest  signal  amplitudes,  while  for  forward 
propagation  an  amplitude  dependence  of  the  amplification  is 
noticed  only  for  signal  levels  exceeding  45  dB.  At  last  for 
forward  propagation  the  registered  curves  can  always  be  appro¬ 
ximated  by  straight  lines  and  we  would  like  to  emphasize  here 
that  in  all  other  measurements  in  deattenuation  ranges  the 
registered  curves  were  straight  linos. 

In  spite  of  these  discrepancies  ws  wj.ll  later  obtain  .an 
important  information  on  the  sound  amplification  mechanism 
from  the  frequency  of  minimal  inclination  of  the  pressure  drop 
v/ith  backward  propagation. 

In  Fig. 16  we  have  attenuation  maxima  above  the  resonance 
the  frequency  of  which  is  changing  with  the  flow  Velocity,  In 
Fig. 17  these  attenuation  maxima  for  negative  V,  the  attenuation 
for  V  »  0,  and  the  amplification  for  positve  V  are  confronted. 
For  equal  absolute  amounts  of  the  flow  velocity  the  frequencies 
of  the  attenuation  and  amplification  maxima  ai-e  iihe  same.  The 
attenuation  maxima  for  backward  propagotion  show  only  a  small 
amplitude  dependence ^  for  example  at  V  =  -  60  m/sec  and 
1,7  keps  the  attenuation  is  only  changing  from  6.3  dB/n  for 
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a  signal  level  cf  55  dB  "to  5^5  dB/m  for  a  signal  level  cf  * 

30  dB 

•  •  • 

In  order  to  investigate  the  conditions  for  sound  ampli¬ 
fication  the  absorbers  were  varied- 

It  is  an  important  experience  from  the  experiments  that 
all  dimensl..ns  have  to  be  kept  constant  over  the  entire  length 
of  the  duct  with  utmost  care  and  accuracy-  Small  deviations  in 
the  dtsensions  of  the  resonators  cause  frequency  deviations 
and  changes  of  the  wave  impedance,  which  influence  and  often 
prevent  sound  amplification. 

It  is  learnt  from  the  results  reported  in  [2]  that  the 
sound  amplification  is  critically  dependent  on  the  shape  cf 
the  flow-side  end  of  the  resonator  necks r  Resonators  were 
built  the  values  of  the  acoustical  elements  cf  which  -  vibra¬ 
ting  mass  and  resilient  volume  -  were  identical  with  the 
Helmholtz  resonators  described  above.  The  necks ^  however,  were 
given  a  shape  so  tha+  a  stronger  interference  with  the  flow 
was  to  be  expected  (see  Flg«x8j  The  necks  consisted  of  tubes 
with  an  inner  diameter  and  a  length  of  1C  mm  pri.'truding  mm 
into  the  fl.w.  In  Pig. 18  atconuation  curves  for  sound  propaga¬ 
tion  in  forward  direction  are  displayed  The  attenuation  below 
and  in  the  neighborhood  of  the  resonance  frequency  shews  the 
usual  behaviour  It  is  only  to  be  remarked  that  the  resonance 
frequency  shift,  which  ear.  only  be  explained  by  a  reduction 
of  the  vibrating  mass  by  the  flew  Is  smaller  in  this  case  then 
with  resonator  necks  sitting  flush  in  the  wall  The  deattenua- 
tjon  at  V  ^  5^  m/sec  is-,  as  expected,  greater  than  with  re¬ 

sonators  wi'^h  flush  necks,'  at  higher  flow  velocities  it  is 
however , smaller  The  deattem  ation  is  more  and  more  reduced 
by  higher  :  1 ;  wvelcci e:  es  .  wb  .le  it.  remained  constant  with  the 
lesonatcrs  shovni  in  '"ig  11 

The  re^luctjcn  cf  tue  deattenuation  with  rising  fl'  V/  velc- 
c’ity  is  a  re.eul  o.’"  me  gtae:cal...y  experienced  fact  that  the 
sound  am -.H  i  ication  Opcreases  i;  the  saie  degree  as  the  fl 
in  the  duct  heciuies  high';  t.  rbuleat  over  the  eih  irc-  cross- 
section  owiior  tc  mai-.ed  obstacles  in  tho  stream:- n: 
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It  is  alsv  seen  from  Fig- 18  tkat  the  amplitude  dependenc** 
of  the  deat tanuation  -  indicated  hj  the  hatched  area  In  Fig  18 
between  the  measuring  values  corresponding  to  a  change  of  the 
signal  level  of  10  dB  ~  becomes  smaller  with  rising  fre^iuency 
Furthermore  the  attenuation  increase  at  flow  velccity 
V  +  75  m/sec  and  a  frequency  of  19  kcps  is  obvious  This  le 
an  example  for  an  experience  alsc  made  with  other  absorbers 
concerning  the  increase  of  the  attenuation  in  forward  propaga¬ 
tion  measurements  in  the  neighborhood  of  the  self-excitat i cn 
frequency  of  the  duct  12]  Otherwise  the  intensify  of  the  self¬ 
excitation  is  very  small  with  these  resonators  - 

Attenuation  measurements  in  forward  propagation  w^re  als 
made  with  \/^  -  resonators  In  Fig- 19  the  results  are  plotted 
for  a  single  sided  comb-line  with  equal  width  for  gap  and  wal ' 
The  curve  for  the  attenuation  at:  resting  air  is  dra'wn  oui"  - 
Else  only  the  measuring  points  have  been  plotted  Bel' w  the  re¬ 
sonance  the  attenuation  increase  in  the  range  cf  the  self-exci-' 
tation  is  again  visible  Cfor  V  -  35  m/sec  the  frequency  cf 
self-excitation  S  E  is  entered)-  If  both  broad  sides  cf  the 
duct  are  covered  with  comb  lines  (Fig  20)  the  measured  pcini^b 
with  superimposed  flow  are  even  nearer  (in  the  hatched  area) 
to  the  attenuation  curve  for  I'esting  air 

Deattenuation  is  not  found  under  these  conditions  This 
is  again  attributed  to  the  high  degree  of  turbulence  of  the 
flow  caused  by  the  sharp  edges  at  the  gaps  cf  the  comb  line 
The  turbulsn.ce  of  the  flow  is  also  expressed  by  the  maximal 
obtainable  velocities  of  the  flew;  55  m/sec  and  ^0  m/sec  reap 
instead  of  80  m/sec  v/ith  other  absorbers 

In  order  to  reduce  turbulence  the  width  cf  the  gaps  was 
reduced  to  10  mm  leaving  the  period  length  of  40  mm  vmchanged 
(Fig  21).  Now  deattenuation  is  again  observed  Remarkable  is 
the  deattenuation  at  V  «  +  80  m/sec  Just  below  the  second  re¬ 
sonance  (dotted  line) 

A  correlation  between  deattenuation  and  shift  of  the  re¬ 
sonance  frequency  of  the  absorbers  both  caused  by  the  flew 
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could  be  supposed-  This  supposition  could  be  suggested  by  the 
attempt  to  explain  sound  amplification  caused  by  the  flow  as 
a  parametric  amplification:  pronounced  frequency  components 
of  the  flew  noise  probably  together  with  the  intense  self- 
excitatlon  wave  of  the  duct  could  -  working  as  so-called  pump 
generator  -  change  the  reactance  of  the  resonators  periodi- 
cally- 

In  the  case  of  parametric  amplification  suitable  frequen¬ 
cy  components  must  be  found  by  frequency  analysis  in  the  tur¬ 
bulent  nolse^  Gelf-excitation  must  be  omitted  as  pump  generator j 
since  amplification  is  found  also  in  velocity  ranges  without 
self-excitation.  Under  conditions  of  amplification,  that  is 
with  a  flow  velocity  V  »  ♦  45  m/sec  and  with  resonators  accor¬ 
ding  to  yig.ll  the  noise  without  signal  was  analysed:  white 
noise  was  found,  Only  in  a  small  range  arciind  the  self-excita¬ 
tion  frequency  the  level  was  increased  by  about  5  dB-In  a 
second  analysis  a  signal  of  1  >4.  keps,  that  is  the  frequency 
cf  maximal  amplifi catica  for  this  flow  velocity,  was  added  with 
a  40  dB  level.  There  was  no  change  compared  to  the  preceding 
measurements,  although  with  parametric  amplification  the  idler 
frequency  between  pump  frequency  and  amplified  frequency  should 
b-3  amplified  tet  • 

Furthermore  resonators  were  built  with  a  large  flow  depen¬ 
dent  shift  of  the  resonance  frequsn^y  In  order  to  develop  a 

suitable  resonator  a  single  resonator  with  constant  resilient 

2 

volume  V crcss-secticn  51  x  51  mm  depth  2^  mm;  but  with  necks 
cf  different  width  aad  length  was  fired  to  the  sound  hard  duet 
Tae  resonator  v/as  excited  in  the  resilient  volume  by  a  sound 
source  wi*h  high  acoustical  impedance  The  sound  pressure  was 
measured  by  a  probe  microphone  with  a  very  thin  boring-  The 
resonance  curve  was  registered  at  different  flew  velocities 
in  the  duct  by  means  of  rhe  tunable  hete.vcdyti?*  filter.  It  was 
experl euced;  that  the  relative  shift  of  the  resonance  frequency 
is  the  giveater  the  wider  and  shorter  the  necks  are-  a 
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iens^h  of  the  neck  cf  5  nun  and  a  --/Idth  r,f  8  mm  a  frequec'^y 
shift  cf  *^8  %  v,'as  found  a"*"  a  fl^w  velocity  V  -  70  m/se^  «7ith 
an  arran^emen'^  of  such  absorbers  ’’he  attenuation  for  forward 
propagation  was  measured  oF:. ^  22)  The  resonance  frequency 
shif*  cf  the  whcie  group  was ‘smaller  '37  t'n^n  that  of  a 
o  single  resonator  (reductiori  of  the  vibrating  mass  per  resonator}- 
But  the  shift  is  still  cler-rly  larger  than  ivlth  resonators 
according  to  Fig- 11  (22  %)  The  relative  cu3.nge  cf  the  rescnan>-.? 
frequency  and  of  the  vibrating  mass  m  of  cne  resonator  accor¬ 
ding  tc  Pig-  22  are  plotted  against  the  flrw  velocity  in  Fig  23 . 
The  dotted  lines  bel'-w  V  ^C.  m/sec  are  derived  from  the  be¬ 
haviour  of  a  single  resonator  in  the  fl:w 

The  reactance  of  the  resonators  is  therefore  decidedly 
non- 1  inear r  A  sound  wave  with  high  amplitude  or  a  distinct  fl:v; 
pulsation  can  change  the  reactance  cf  the  resonators  according 
to  a  characteristi-^  like  that  in  Fig-  23  and  therefore  serve  as 
pump  generator-  According  t**  the  basic  principles  of  parametri-: 
amplification  frequency  cf  these  pulsations  has  to  be  different 
from  the  signal  frequency  to  be  amplified  The  pump  frequency 
should  therefore  be  found  by  frequency  analysis.  But  alec  with 
this  resonator  type  nc  pump  generator  frequency  was  to  be  de¬ 
tected-  The  sound  amplification  according  tc  Fig  22  is  essential¬ 
ly  the  same  as  with  the  other  resonators  Fig -11)  inopite  cf 
the  different  tunability  of  the  reactance^  Therefore  the  sound 
amplification  is  nc  parametric  amplification. 

The  mechanism  of  parametric  amplification  has  to  be  ex¬ 
cluded  since  there  is  no  flr'v/  pulsation  serving  as  pump  genera¬ 
tor-  But  we  will  see  later  that  the  amplification  is  really 
caused  by  certain  flow  pulsation.  It  must  hov/ever,  be  empha¬ 
sized  here  that  the  frequency  of  these  pulsations  superimposea 
on  the  flow  is  equal  to  the  signal  frequency 
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In  the  investigation  cn  the  influence  cf  flow  cn  air-bornt 
sound  attenuation  with  reactive  absorbers  an  interesting  physi¬ 
cal  phenomenon  was  met:  amplification  of  an  acoustical  signal 
along  its  propagation  path  through  the  duct  This  sound  ampli¬ 
fication  will  be  explained  on  the  following  pages  and  also 
possibilities  for  a  quantitative  treatment  cf  the  problem  v^i  i 
be  given- 

ffe  will  use  the  analcgy  with  the  electromagnetic  fcravelli.g  • 
wave  tube  as  a  guidicg  principle-  This  includes  the  advantage 
that  the  analogous  electromagnetic  amplification  mechanism  is 
easier  to  put  in  words,  that  the  characteristic  features  of 
sound  amplification  will  become  evident  and  especially  tho  necc..- 
sity  and  fertility  of  the  term  "pseudeo  sound"  introduced  by 
Biokhintsev  [11]  v/ill  be  seen  The  th -cretically  and  formally 
difficult  term  pseudo  sound  will  be  explained  in  so  much  detai". 
as  is  necessary  for  the  explanation  of  the  amplification  The 
term  helps  with  the  conceptual  separation  of  the  flew  and  scund 
phenomena  which,  with  the  exception  cf  the  equation  of  continui¬ 
ty.  come  from  the  same  basic  emations.  It  represents  further 
mere  the  energy  transmitting  link  between  flew  and  sound  field 
because  of  its  non-linearity-  The  classical  analogy  between 
acoustics  and  electrodynamics  is  basing  on  the  fact  that  ccr- 
responding  phenomena  are  treated  with  the  same  mathematical 
means  -  It  will  be  shown  that  this  is  not  possible  in  cur  case 
We  have  therefore  got  to  show  under  which  (most  simple)  con¬ 
ditions  for  the  flow  the  basic  equations  of  the  flew  and  sound 
field  permit  in  principle  an  amplification  of  sound-.  V.'e  will 
find  that  only  a  spatial  p.oricdicity.  of  the  stationary  basi- 
flew  is  required  This  result  leads  us  to  a  phenomenological 
analogy  of  the  sound  amplification  and  amplification  of  electrc- 
magnetic  waves  in  travelling  wav?  tubes  with  periodic  delay 
lines-  The  conception  of  partial  waves  on  such  lines  will  be 
deduced  and  applied  to  our  flew  duct-  The  ambivalence  of  partial 
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waves  as  a  computational  term  and  as  a  physical  reality  will  ho 
•disclosed., .ith  this  we  have  a  basis  for  the  comparison  of  the 
measuring  results  given  in  parac^aph  A  with  the  conception 
developed  on  these  pages,  /xonounccd  similarity  of  sound  ampli¬ 
fication  .vith  the  electrical  partial  wave  amplification  will 
be  found,  rt'e  v.'ill  understand  differences  with  respect  to  ampli¬ 
tude  dependence  of  the  amplification  and  the  sensitivity  of  the 
amplification  to  turbulence  in  the  basic  flow. 

1)  -liectromagr.etir'  travelling  wave  tube^ 

The  principle  of  the  elec tronajnetl c  travelling  wave  tuVt 
wiil  be  explained  to  an  extent  necessary  for  the  illustration 
cf  the  sound  amplification.  Fcr  further  information  the  reader 
is  refered  to  the  literature  cn  the  subject  for  example  the 
monographs  by  Pierce  fl2]v  Kleen  [15].  and  Beck  il'+]  A  coc- 
prehonsive  description  •.•itu  ample  literature  refereiices  is  fc-^d 
in  I?  Muller  and  btetter  [153 

The  essential  elements  of  a  travelling  wave  tube  are  the 
delay  line  for  the  electromagnetic  wave  tc  be  amplified  a.ici  the 
electrcn  beam  serving  as  a  guide  for  the  space  char.ge  waves 
The  delay  line  wave  is  rcachir.g  into  the  discharge  space  with 
relatively  weak  stray  fields j  the  space  charge  waves  in  turn 
induce  with  their  lateral  near  fields  alternating  cori'enrs  in 
the  delay  line  Both  waves  are  mutually  coupled  by  means  cf 
these  fields  along  the  propagation  path  The  delay  line  wave  v/ii. 
be  amplified,  if  it  is  so  much  delayed  that  it  is  aynchrcncus 
with  the  so-called  slew  space  charge  wave  In  stationary  ccordi- 
nates  this  wave  is  moving  in  beam  direction.  Relative  tc  the 
olectrens  in  the  electron  beam,  however  the  slow  space  charge 
wave  is  moving  backwards  Snergy  is  delivered  from  the  kinetic 
energy  of  the  electron  beam  A  part  of  this  energy  is  transmitted 
to  the  delay  line  wave  by  means  of  the  space  charge  waves  The 
space  charge  waves  are  the  energy  transmitting  link  between 
electron  beam  and  delay  line  wave  They  are  suited  for  this 
purpose  because  of  their  essentially  non-linsar  character;  spa.'e 
charge  waves  are  the  formal  expression  ft r  puls.ction  on  the 
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electron  beam«  which  can  he  described  as  plasma  waves  in  a 
stationary  coordinate  system^  They  have  to  be  distinguished 
ft‘om  the  usual  electroma:^netic  waves  propagating  on  the  delay 
line  of  the  travelling  wave  tube  in  the  first  place  because  of 
their  non-llnearltys  the  electron  beam  is  also  guiding  electro¬ 
magnetic  waves  which  in  contrast  to  space  charge  waves  can  be 
linearly  superimposed.  The  other  essential  difference  is  given 
by  the  form  of  energy  in  these  two  wave  types c  In  the  electro¬ 
magnetic  wave  energy  is  oscillating  betv/een  the  electric  ana 
the  magnetic  field  energy;  in  the  space  charge  wave  energy  is 
oscillating  between  electron  repulsion  and  kinetic  energy  of  the 
moving  electron  mass.  The  coupling  between  these  types  of  waves 
is  effected  by  the  conunon  electric  energy.  The  magnetic  field 
component  connected  with  the  motion  of  electrons  can  be  neglected 
for  beam  velocities  small  compared  to  the  velocity  of  light- 
There  is  therefore  no  radiation  from  the  space  charge  waves, 

Most  of  these  statements  can  directly  be  transfered  to 
sound  amplification  after  introducing  the  pseudc  sound-.  A  dif¬ 
ference  between  travelling  wave  tube  and  our  duct  essential  for 
the  quantitative  treatment  comes  from  the  fact  that  in  the 
travelling  wave  tube  each  of  the  coupled  wave  types  is  clearly 
assigned  to  its  ovm  guide-  while  in  our  problem  duct  flc-w  as 
well  as  sound  events  take  place  in  the  same  medium  or  on  the 
same  guide c  In  the  travelling  wave  tube  the  line  wave  is  pre- 
domin.otely  led  by  the  delay  line;  the  energy  of  the  stray  fields 
is  small;  the  space  charge  wave  is  limited  tc  the  electron  beam 
Calculating  the  travelling  wave  tube  mechanism  each  cf  the  waves 
can  be  examined  cn  the  respective  guide  v.ithout  mutual  coupling 
and  than  a  solution  for  the  v/hole  system  can  be  found  by  intro¬ 
ducing  suit-able  coupling  factors.  Since  Pierce  fl2..  16]  this  is 
the  classical  calculation  method.  The  same  way  cannot  be  used 
with  our  flow  duct  because  of  the  common  medium  for  flow  and 
sound  wave  tc  be  amplified. 


^  2)  Sound  and  pseudo  sound- 

The  introduction  of  pseudo  sound  shall  help  to  solve  the 
difficulty  caused  by  the  fact  that  there  is  only  one  for 

flew  and  sounds  There  is  a  two-fold  relation  to  the  travelJin^ 
.vave  tube  analogon:  only  by  the  introduction  of  pseude  sound 
the  similarity  between  sound  amplification  and  the  amplificaticn 
mechanism  in  the  travelling  wave  tube  is  established  in  basic- 
requirements,  and  on  the  other  hand  the  comparison  with  space 
charge  waves  can  elucidate  the  pceudo  sound- 

13ven  if  we  leave  aside  the  statistical  flow  noise  genera¬ 
ted  by  turbulence  at  the  limits  of  the  flow  or  at  the  microphone 
itself,  a  pressure  sensitive  microphone  in  the  flow  will  pick 
up  alternating  pressures  coming  from  the  flow-  For  example  a 
mono chromatic  pulsation  v  cos  art  be  superimposed  on  a  stationary 
flov/  the  entire  flov/  being 

V  «  V  cos  wt  tl8} 

then  we  have  a  pressure  P  at  the  microphohe: 

1  If  "  ®  ■  I 

A  and  S  are  form  factors  depending  on  size  and  shape  of  the 
sound  receiver  and  on  the  position  of  the  sound  receiving 
openings  on  the  microphone  body  [11]'  If  t;he  receiver  is  only 
sensitive  to  alternating  pressure  and  if  the  pulsation  ampli¬ 
tude  V  is  small  compared  to  the  velocity  of  the  flow,  the 
receiver  will  indicate  an  alternating  pressure 

p  «.  B  '  cY^  V  cos  wt  -  A  '  cw  V  sin  (ut  (20) 

although  in  this  example  no  sound  field  was  sup  'rimposed  on 
the  flew-  The  first  term  in  equation  (20)  comes  from  the 
dynamic  pressure;  it  is  quadratic  in  the  flow  velocity  and 
therefore  produces  modulation  products  with  the  turbulence 
components  of  the  flow-  In  order  to  reduce  the  disturbing 


influence  of  the  turbulence  on  the  received  sound  pressure  the 
geometry  factor  B  of  the  presage  microphone  is  made  very  • 
small  for  example  by  making  sound  receiving  openings  at  the 
sides  of  the  receiver*  Our  microphone  was  constructed  accor¬ 
ding  to  these  points  of  view.  But  the  second  term  in  equ. (20) 
is  still  remaining.  It  can  by  no  means  be  removed  since  a  re¬ 
duction  of  A  will  always  result  in  a  reduction  of  the  sound 
pressure  sensitivity  of  the  receiver. 

This  means  that  a  flow.- pulsation  will  always  be  registered 
by  the  sound  receiver  like  a  sonic  event  and  that  it  cannot 
be  seperated  by  the  receiver  from  a  real  sound  field.  There¬ 
fore  these  flow  variations  are  according  to  D.I.Blokhintsev 
[11]  called  pseudo  sound.  Although  pseudo  sound  is  picked  up 
by  a  receiver  in  the  flow  like  a  real  sonic  event  there  are 
important  physical  differonces  between  them,  and  by  comparison 
with  the  preceding  paragraph  it  is  coiifirmed  that  these  dif¬ 
ferences  are  analogous  to  those  existing  between  electromagne¬ 
tic  waves  and  space  charge  waves. 

In  a  stationary  coordinate  system  sound  is  essentially 
propagating  with  sound  velocity;  pseudo  sound  propagates  with 
the  average  flow  velocity  like  electromagnetic  waves  are  pro¬ 
pagating  with  the  velocity  of  light  and  space  charge  waves 
with  about  the  mean  elefctron  beam  velocity.  Sound  waves  of 
smaller  amplitude  are  linearly  superimposed  in  resting  air 
as  well  as  in  flow;  but  flow  pulsations  are  esoentiedly  non¬ 
linear.  For  sound  the  compressibility  of  the  medium  plays  an 
important  role;  one  of  the  energy  stores  of  the  sound  wave 
is  the  potential  energy  of  the  compression  of  the  medium. 
Therefore  we  observe  radiation  from  a  sound  wave.  For  pseudo 
sound  in  flow  with  Mach  numbers  small  compared  to  one  the 
compressibility  is  of  secondary  importance.  Therefore  no 
radiation  Is  observed  from  pseudo  sound.  The  analogy  with  the 
electromagnetic  case  is  evident,  when  "compressibility"  is 
replaced  by  "magnetic  field".  Like  space  charge  waves  pseudo 
sound  is  decaying  transversely  outside  the  flow  in  e:qponential 
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near  fields.  The  analogy  to  eleotromognetlc  waves  is  carried 
still  further  by  the  fact  that  sound  and  pseudo  sound  have 
one  type  of  energy  in  conunon:  the  kinetic  energy  of  the  me¬ 
dium  particles.  However,  the  potentled  energy  of  pseudo 
sound  is  not  stored  in  a  change  of  state  of  the  medium,  but 
is  represented  by  the  restoring  force  of  the  flow  limitations o 

Pseudo  sound  is  so  important  for  our  problem  because  in 
a  duct  the  boundaries  of  which  consist  of  resonators  these 
resonators  are  also  sound  receivers  picking  up  the  pseudo 
sound.  Since  their  mouthpieces  are  sitting  flush  in  the  wall 
the  second  term  in  equ.(20)  will  prevail.  An  "elastic" 
boundary  of  the  flow  is  given  by  the  oscillating  air  in  and 
in  front  of  the  necks.  Or,  from  another  point  of  view,  if  the 
boundary  of  the  flow  is  thought  to  fetll  on  the  walls  of  the 
duct  (a  partition  wall  in  the  flow  side  of  the  resonator 
necks  must  be  added  in  thought)  then  these  resonators  form 
sources  of  flow  with  time  dependent  yield.  The  possible  ex¬ 
citation  of  pseudo  sound  by  the  oscillating  motion  of  the  air 
in  the  resonator  necks  is  thereby  indicated.  On  the  other 
hand  the  resonator  is  sensitive  to  pseudo  sound.  The  kinetic 
energy  of  the  flow  pulsation  transmitted  into  the  resonator 
is  for  a  very  short  time  stored  as  potential  energy  of  the 
compressed  air  in  the  resilient  volume.  Thus  a  reversible 
change  of  the  state  of  the  medium  is  effected  by  pseudo  soundc 
At  certain  phase  relations  radiation  of  real  sound  from  the 
resonators  can  he  excited  hy  pulsation  of  the  pseudo  sound. 
Heal  sound  and  pseudo  sound  of  the  flow  are  coupled  to  one 
another  in  the  resonators. 

The  most  important  function  of  pseudo  sound  with  respect 
to  sound  amplification  is  given  in  close  analogy  to  the 
function  of  space  charge  waves  in  travelling  wave  tubes. 

Sound  waves  of  low  amplitude  are  linearly  superimposed  on 
the  flow.  They  cannot  get  energy  directly  from  the  flew. 

Direct  energetic  interaction  with  the  flow  is  only  found 
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with  sound  waves  of  "finite’*  amplitude.  The  amplitude  dep©n« 
dene©  of  sound  amplification  in  our  measurements  reveals  that 
we  have  not  to  deal  with  these  effects.  Pseudo  sound,  however, 
can  because  of  its  non-linearity  draw  energy  from  the  flow  in 
analogy  to  the  space  charge  waves  ^  By  coupling  v/ith  the  sound 
field  at  the  resonators  this  energy  is  passed  on  to  the  sound 
wave*  Like  the  space  chao^ge  wave  pseudo  sound  is  the  necessary 
energy  transmitter  from  flow  to  sound  field, 

'.Ve  have  ex]')lained  that  by  oscillating  motions  in  the  re¬ 
sonators  pseudo  sound  can  be  excited  and  that  on  the  other 
hand  pseudo  sound  can  be  converted  into  sound  at  the  resona¬ 
tors*  A  detailed  picture  cannot  be  given  without  first  intro¬ 
ducing  partial  waves.  Their  introduction  is  suggested  by  the 
follov;ing  analytical  investigation. 


3)  Analytical  evidence  cf  sound  amplification. 

It  was  already  mentioned  in  paragraph  1)  that  a  mathema¬ 
tical  treatment  of  sound  amplification  v/ith  the  methods  applied 
in  the  case  of  travelling  wave  tubes  is  rather  difficult.-  In¬ 
spite  of  extens;Lvs  Rnalogy  of  the  basic  quantities  and  inspit© 
of  good  agreement  of  the  experimental  results  v/ith  the  experien¬ 
ces  made  at  the  travelling  wave  tubes ^  an  analytical  evidence 
for  sound  amplification  in  flow  ducts  is  required  for  further 
comparisons. 

The  problem  is  limited  and  defined  to  the  following 
question:  under  which  simple  conditions  is  sound  amplification 
possible?  ive  will  put  up  with  the  formulation  of  a  differential 
equation  oi  the  variables  in  the  duct:  which  will  show  the 
possibilities  oi  amplified  waves  in  the  duct.  The  numerical 
solution  would  require  investigations  of  the  flew  itself, 
v/hich  would  exceed  the  measuring  possibilities  of  the  present 
work. 

Our  postulated  conditions  are* 

1)  Flew  and  sound  phenosiena  are  uni-dlmensicnal  and  ex¬ 
tend  in  z-direction* 
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2)  The  flow  is  separated  intr  a  stationary  Z'-de- 

pendent  fundamental  flew  V^Cz)  and  an  alternating  flew  v, \Z-t;, 

o  ^  i 

which  shall  Include  sonic  particle  velocity  as  well  as  an 
eventual  flew  pulsation, 

5)  Quadratic  terms  of  the  alternating  variables  (index 
are  neglected , 

4)  The  alternating  variables  are  proportional  to 

5)  Beth  stationary  te'"'ms  alone  and  the  complete  terms 
respond  to  the  dissipation- free  equation  of  motion  withou.T 
outer  mass  forces,  and  the  adiabatic  equation  of  stato  be 
valid, 

6)  The  stationary  density  of  mass  flew  J  .  •-  r  V 

O'  \  ^  C' 

of  sources. 

Under  these  conditions  and  for  simplicity  under  the 
assumption  tf(z)  -  (z  'j/c  ^<1  vie  have  the  following  equation 
for  the  alternating  flew  density  (the  deduction  is  found  in 
Appendix  I) 


.  2  (JWJ  -v  U 


dz ' 


-  0. 
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The  alternating  pressure  p^  is  realted  to  the  alternating  flow 
density  J.  by 


£ 
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(21)  is  a  second  order  differential  equation  with  variable 
coefficients.  It  suggests  Itself ^  to  set  up  a  periodicity  of 
the  fundamental  flow  (z)  and  thereby  also  of  M(z)  in  z.  The 
magnitude  of  the  variation  and  the  accurate  course  cannot  im¬ 
mediately  be  predicted.  At  least  we  know.,  that  there  are  go1U“ 
tions  of  equ,(21)  for  periodically  oscillating  M  and  that  thes? 
solutions  increase  exponentially  with  z,  thus  representing 
amplified  v/aves. 
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•^)  Partial  waves.  '  o 

We  have  above  stressed  the  importance  of  spatial  periodic 
inhomogeneities  of  the  boundaries  of  the  duct.  Therefore  we 
have  to  investigate  sound  propagation  in  ducts  with  periodic 
boundary  conditions.  The  influence  of  the  periodicity  of  the. 
boundary  conditions  can  very  clearly  be  explained  with  the 
occurence  of  partial  waves. 

The  fact  that  partial  waves  generally  have  a  smaller 
phase  velocity  than  the  fundamental  wave  leads  to  a  further 
extensions  of  the  analogy  between  flow  duct  and  travelling  wave 
tube.  It  is  known  from  travelling  vvave  tubes  that  the  coupling 
delayed  wave  is  not  necessarily  the  fundamental  wave  but  that 
it  can  also  be  one  of  the  pax'tial  waves.  In  our  duct  the  fun¬ 
damental  wave  has  a  phase  velocity  of  about  400  m/sec.  This 
fast  wave  cannot  interfere  with  the  flow  with  velocities  of  up 
to  80  m/sec.  Only  partial  wave  amplification  is  possible. 

In  a  work  by  R.Miiller  [1?]  partial  waves  are  interpreted 
as  components  of  a  spatial  Fourier  synthesis  of  the  wave 
spatially  distorted  in  the  inhomogeneous  flow  duct.  In  Appendix 
II  existence  and  properties  of  partial  waves  for  sound  propa¬ 
gation  in  periodic  ducts  with  resting  air  ore  deduced  as  a  so¬ 
lution  of  the  boundary  value  problem.  In  the  corresponding 
problem  treated  for  streaming  medium  in  Appendix  III  the  same 
deduction  is  found. 

The  definition  of  partial  waves  in  resting  air  follows 
from  the  presentation  of  a  sound  field  quantity  F  resulting 
from  a  boundary  value  problem: 


FCx,  y,  z,  t)  -ZjA  (x,y)^e‘“^^n®  ^ 


J(art  -  B  z)  V .  ,  N 

V.  o  (x,y)os  J  1 


(25) 
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The  adderclr^  a:je  the  pa^^ial  waves;  y)  are  their 

amplitudes  (coicplex  and  dependent  cn  the  transverse  cocrdi- 


nates),  the  phase  constajits  with 

B  ,,  Q  > 

n  c  L 


f  2*+) 


is  the  phase  constant  of  the  fundamental  wave*  The  sum¬ 
mation  index  runs  from  -  <x-  to  *  oo  ,  L  is  the  spatial  length 
of  period  of  the  duct  boundaries. 

Obviously  only  the  sum  of  edl  partial  waves  satisfies 
the  boundary  conditions.  The  mutual  ratios  of  the  parti  a:, 
wave  amplitudes  and  of  the  fundamental  wave  amplitude  are  only 
determined  by  the  geometric  dimensions  and  the  boundary  con¬ 
ditions  of  the  duct;  if  the  latter  are  constant  over  the  en¬ 
tire  length  of  the  duct  also  these  amp?.itude  ratios  are 
constant.  Therefore  all  partial  waves  have  the  same  attenua¬ 
tion  constant  as  the  lundamental  wave.  Thp  amplitude  cf 
the  partial  waves  are  generally  rapidly  decreasing  with  in¬ 
creasing  absolute  amount  of  the  partial  wave  index  n.  In 
most  cases  only  the  first  two  partial  v/aves  with  n  •  1 

are  of  importance.  Furthermore  the  amplitudes  of  t'ne  par'ria^ 
waves  are  mostly  decreasing  exponentially  from  the  inhomo¬ 
geneous  boundary  to  the  center  of  the  ouct.  The  decrease  is 
the  steeper  the  higher  ini.  Partial  waves  have  a  noticeable 
intensity  only  in  the  neighborhood  of  the  inhomogeneous  duct 
boundairy.  For  many  possible  shapes  of  the  boundary  A  is 

smaller  than  A  ,  . 

1 1 

It  is  emphasized  that  all  partial  v/aves  have  the  same 
frequency  as  the  fundamental  wave. 

Another  essential  property  of  the  partial  waves  follov/s 
from  equ,(24)-  According  to  this  equation  the  phase  velocity 
of  the  n-th  wave  is 


“n  -  - 


_ 0_ 

+  nu. 


C2p) 


with  Uq  phase  velocity  and  wavelength  of  the  fundamental 
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^  wave  in  the  duct.  The  group  velocities  v^^^  of  all  partial 

waves  are  equal  to  v  ^ : 

^  gc 


3S^7du)  "  dfl^/dw 


(26) 


We  see  from  equ.(25)  that  for  L  -  this  is  the  case 

with  most  delay  lines  and  alst  in  our  measurementa  -  the  amount 
of  is  always  smaller  than  u^.  Because  cf  the  constancy  of 
the  amplitude  ratios  of  all  partial  waves  also  a  partial  wave 
can  intei’fere  with  the  electron  beam  in  the  travelling  wave 
tube-  the  ersrgy  taken  up  by  this  wave  is  distributed  over  all 
other  partial  waves.  The  advantage  of  partial  wave  amplifica¬ 
tion  is  the  low  beam  velocity^  the  disadvantage  is  the  small¬ 
ness  and  tha  spatial  limitation  of  the  partial  waves  to  the 
boundary  region. 

That  much  was  to  be  said  about  the  properties  of  partial 
waves  in  resting  air.  This  case  corresponds  in  the  electro¬ 
magnetic  case  to  a  delay  line  without  electron  beam;:  In  the 
case  of  the  electromsguetic  delay  line  the  investigation  of 
partial  waves  would  at  this  point  have  come  to  an  end.  In  that 
case  the  propagation  on  che  delay  line  is  nearly  not  affected 
by  the  electron  beam.  It  might  be  assumed  that  in  cur  inhomo¬ 
geneous  duct  the  fundamental  wave  together  with  all  partial 
waves  is  simply  superia^posed  to  the  flow.  Synchronism  between 
flo  w  and  a  partial  wave  would  not  be  possible  in  that  case. 

Treated  in  Appendix  III  are  the  partial  wave  solution 
cf  the  boundary  value  problem  with  superimposed  flow  and  the 
question  whither,  and  if  so  under  which  conditions,  in  the 
inhomogeneous  duct  with  superimposed  flew  there  exists  a  par¬ 
tial  wave  with  such  a  phase  velocity  u  .  that  u  -  V.  The 

n  n 

resulting  condition  says  that  the  flow  velocity  V  *  is 
given  by  equation  (25)  with  u  and  X  being  phase  velocity 

w  C 

and  wavelength  of  the  fundamental  wave  v/ith  superimposed  flow:> 
For  better  aiarkiog  we  write  u  „  and  X  Leaving  the  change 

O  •  V  C  >  V 
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of  the  phase  velocity*  caused  by  the  change  of  the  characte¬ 
ristic  resonator  properties  due  to  fiov\  out  of  oonsideratior 
bi\t  writing  simply.u^  o  ^  o  velocity  of  the 

fundamental  wave  in  the  duct  with  resting  air)  then  the  con¬ 
dition  writes 


V 
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n  * 
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This  can  with  certainty  be  fulfilled.  It  results  that  aloe  ii, 
streaming  air  partial  waves  interacting  with  the  flew  are 
possible » 


5)  Partial  wave  amplificaticn* 

After  proving  the  existence  of  partial  waves,  which  can 
interfere  with  the  flow,  only  the  energy  exchange  mechanism 
remains  to  be  explained.  Per  illustration  comparison  is  made 
with  the  travelling  wave  tube. 

Usually  the  travelling  wave  tube  amplification  with  the 
fundamental  wave  and  a  homogeneous  delay  line  is  explained  as 
follows:  if  wave  and  electron  beam  are  approximately  synchro¬ 
nous  at  the  beginning  of  the  common  travelling  path  of  the 
electrons  the  1  they  are  concen¬ 

trated  at  those  parts  of  the  electromagnetic  field  where  the 
electrons  are  subjected  to  a  retarding  field.  The  sorting-out 
is  combined  with  a  transfer  of  energy  from,  the  wave  to  the 
electrons.  As  soon  as  an  electron  concentration  in  proper 
phase  relation  is  established  the  eloctrons  are  moving  agalns 
the  retarding  field  and  by  release  of  energy  from  the  kinetic 
energy  of  the  electron  beam  an  electromagnetic  field  on  the 
delay  line  is  induced.  This  field  intensifies  the  retarding 
field  which  in  turn  brings  about  a  better  sortlng-out  of  the 
electrons  in  proper  phase  relation.  The  electron  beam  is 
continually  releasing  energy  over  to  the  wave  field  along  the 


entire  length,  of  their  comoon  path. 

Usually  the  same  explanation  of  the  amplification  is 
used^  when  the  coupling  wave  is  a  partial  wave  on  an  inhomo¬ 
geneous  delay  line.  This  is  formally  correct  and  the  calcula¬ 
tion  of  a  travelling  wave  tube  according  to  this  concepticn 
leads  to  quantitatively  correct  results.  This  in^lies  that 
there  is  a  continual  energy  exchange  between  partial  wave  and 

OTcXT  t/llo  pttuu  l.euj5bU« 

From  a  consideration  of  the  field  pattern  in  a  tube  with 
an  inhomogeneous  delay  line  other  conclusions  must  he  drawn » 
The  elect JTical  field  strength  at  the  gaps  of  a  comb  line  is 
schematically  given  in  Fig. 24  for  a  wave  with  the  fundamental 
wavelength  X^«  Longitudinal  compt>nents  suitable  for  the  Inter¬ 
action  with  electrons  are  almost  only  present  before  these 
gaps.  In  the  second  row  of  Pig. 24  the  distribution  of  longitu¬ 
dinal  components  in  a  certain  plane  in  front  of  tbs  delay  line 
is  plotted  for  an  instant  The  same  is  repeated  in  the 
third  row  for  a  somewhat  later  instant  t2»  Obviously  the  par¬ 
tial  waves  are  interfering  jointly  and  with  the  fundamental 
wave  so  that  the  longitudinal  field  component  at  the  walls 
between  the  gaps  Is  zero  for  every  instant. 

It  is  therefore  to  be  expected  that  the  energy  exchange 
is  limited  to  the  space  before  the  gaps,  this  would  also  agree 
with  the  conception  that  the  different  electron  densities 
could  induce  electric  fields  only  in  the  capacities  of  the 
gaps. 

The  condition  (25)  for  synchronism  between  partial  wave 
and  electrozi  beam  may  adso  be  deduced  from  the  conception  of 
local  energy  exchange.  According  to  Pig <>24  the  electron  beam 
is  subject  to  a  twofold  periodicity  of  the  boundary  conditons: 
the  time-constant  periodicity  of  the  duct  boundaries  given  by 
the  delay  line  with  the  period  L  and  the  tine-dependent  perio¬ 
dicity  given  by  the  field  pattern  of  the  wave  with  the  period 
'  By  interaction  of  these  two  phenomena  the  electrons  are 
not  influenced  by  the  wave  in  the  space  in  front  of  the  walls 


42 


c 


between  tlie  gaps,  afergy  exchange  is  rendered  possible  if 
a  certain  pack  of  electrons  is  weeting  the  wave  in  the  slots 
always  with  the  saae  phase  relation.  Tn  the  apace  in  front  of 
the  partition  walls  the  pack  can  bo  overtaken  by  any  number 
of  waves  n  without  being  influenced.  The  running  time  t^  -L/7 
of  the  electrons  with  the  velocity  Y  over  a  length  of  period 
L  has  to  be  equal  to  the  running  time  t^^  of  the  wave  with 
the  phase  velocity  over  the  saise  path  plus  a  numbejc-  of  u. 
periods  T  *  1/f  of  the  wave  s 


la  -  t„  -  =  L/u^  +  n/f . 


Whence  follows 
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which  is  the  already  known  conditiono 

This  deduction  is  more  J-ntuitive?  the  conception  of 
partial  waves  has  a  greater  significance.  The  apparent  contra- 
diction  of  these  two  ways  of  consideration  with  respect  to  the 
localisation  of  the  energy  exchange  reveals  the  superiority  of 
the  partial  wave  conception.  It  is  thereby  possible  to  explain 
how  the  initial  electron  concentrations  are  effected.  Similar 
to  the  Fourier  analysis  of  o  function  of  time  the  partial  wave 
conception  is  senseless  if  ijathes  sma^-ler  than  the  period 
length  are  considered.  And  like  the  Fourier  components  of  a 
fimcticn  Oi  time  have  a  physical  meaning  only  when  applied  to 
a  resonance  system,  the  partial  waves  are  effective  only  if 
they  are  synchronously  travelling  with  an  inf luefcc able  system 
over  a  longer  path,  A  resonator  used  as  probe  for  overtones 
gives  an  effect  only  after  a  building-up  time.  Andcorrespon- 
dingly  the  electrons  used  as  indicators  for  partial  wavoa  can 
fully  interfere  with  the  partial  wave  only  after  a  certain 
owuUiiOii  tx‘avfc>llixig  path. 
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Wa  have  discussed  the  partial  wave  amplification  in  the 
travelling  wave  tube  in  so  much  detail,  since  here  the  pheno¬ 
mena  are  much  easier  to  be  explained.  Now  a  direct  application 
to  our  flow'  duct  is  made  easy^  If  in  Fig -24  the  partition 
walls  are  replaced  by  the  slits  of  resonators,  an  approximate 
picture  of  the  particle  velocities  in  the  free  duct  cross- 
section  is  obtained.  The  curves  in  the  second  and  third  row 
of  this  figure  nov/  represent  the  course  of  the  sound  pressure 
or  the  longitudinal  particle  velocity.  By  replacing  by 
^o  V  ^0  c  *  ^  equr(28)  we  obtain  from  the  condition  that 
a  certain  medium  element  has  to  meet  the  sound  wave  at  the 
mouth  piece  of  a  resonator  always  in  the  some  phase  the  con¬ 
ditional  equation  (2?).  Now  it  becomes  obvious  that  the  con¬ 
ditional  equation  (25;  for  streaming  air  with  tha  curious  ro- 
quiroment,  that  the  partial  wave  should  be  resting  in  the 
moving  medium,  says  that  under  the  conditions  given  by  equation 
(251  the  fluctuation  of  the  boundary  due  to  the  oscillation  of 

the  air  in  rhe  necks  of  the  resonators  comes  to  rest  for  an 

observer  moving  vith  the  ficw-  (Constancy  is  obtain  )d  foi'  a 

moving  observer  only  if  the  amplitude  of  the  n-th  partial  wave 

is  exceeding  all  ethers:  if  this  is  not  the  case  only  a  certain 
part  of  the  fluctuation  is  turning  constant).  If  '(.ha  condition 
v25)  is  discussed  frem  the  point  of  view  tha;  the  flew'  is 
carrying  along  a  wave  'rootiEg"  in  the  flow,  the  real  meaning 
of  this  wave  is  immediately  made  clear,  it  represents  a  pulsa¬ 
tion  of  the  flow,  that-  is  pseudo  sound.  Here  again  the  peculia¬ 
rity  of  our  flow  duct  becomes  obvi' us ,  where  guided  wave  and 
beam  pulsation  coincide  spatially  and  where  both  of  them  are 
transmitted  by  the  same  niedium.  Considering  the  remarks  made 
in  paragraph  2}  on  tuf^  coupling  between  sound  and  pseudo 
sound  at  the  resonators  and  considering  further  the  peculiari¬ 
ties  'jf  the  flew  duct  the  application  of  the  above  deduction 
for  the  partial  wave  amplification  in  travel  Ling  v/ave  tubes 
with  localised  energy  exchange  on  the  sound  amplification  is 
made  clear  if  the  electron  concentration  is  interpreted  as  a 
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flew  pulsation.*  The  occurence  cf  such  flew  pulsations  can  alsc 
’  »  in  this  case  only  be  explained  with  the  help  of  partial  wave 

excited  by  the  sound  field.  Representing  a  stationary  pressure 
’and  velocity  pattern  in  the  medium  it  caia  only  be  built  up 
by  the  relatively  weak  sound  field  on  a  longer  cotamon  travel-- 
ling  path.  In  analogy  to  the  travelling  v/ave  tube  the  medium 
density  in  the  retarding  phase  of  the  sound  pressure  of  the 
coupling  wave  is  increased  above  the  mean  density. 

■Vith  the  help  of  pseudo  sound,  representing  according  to 
Blokhintsev  a  periodic  flow  pulsation,  sound  amplification  can 
be  described  in  analogy  to  the  travelling  wave  tube.  For  an 
analytical  description  of  the  phenomenon  the  oscillation  of  the 
air  in  the  resonator  necks  could  be  replaced  by  surface  sour¬ 
ces  with  time-dependent,  mutually  phase  correlated  yield. 

Sound  pressure  could  then  be  calculated  in  the  duct  according 
to  the  Kirchhoff 's  integral  generalised  for  flow. 

New  the  measuring  results  with  respect  to  sound  amplifi¬ 
cation  obtained  with  reactive  absorbers  will  be  compared  with 
the  above  explanation.  Jince  the  experimental  investigation 
within  the  scope  of  this  v/ork  was  limited  to  acoustical  methods^ 
only  those  informations  can  be  used  for  comparison  which  v/sre 
obtained  from  measurements  of  attenuation  and  phase  velocity. 

At  first  the  results  of  the  more  accurate  measurements  with 
resonators  illustrated  in  Fig. 11  will  be  discussed.  The  results 
for  the  other  structures  discussed  in  section  A  will  be  given 
in  short. 

Fig. 25  illustrates  measurements  of  the  phase  velocity  in 
the  duct  according  to  Fig-.  11  in  resting  air  and  with  a  flow 
velocity  V  »  45  m/sec  in  sound  propagation  direction  (the 
measurements  were  carried  out  with  an  apparatus  more  simple 
than  that  described  in  Part  this  explains  for  the  scattering 
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of  the  measuring  points).  Also  entered  is  the  attenuation 
constant  a  in  dB/m  obtained  under  the  aama  conditions .From 
these  phase  velocities  of  the  fundamental  wave*  were  calcula¬ 
ted  according  to  equ.(25)  the  phase  velocities  and 
of  the  partial  waves  with  n  +1  and  according  to  equ.(27) 
the  flow  velocity  V  for  which  synchronism  with  these  partial 
waves  is  possible o  In  Fig. 26  the  curves  marked  and 
were  calculated  according  to  equation  (25)  replacing  by 
the  phase  velocity  ^  in  resting  air:  The  curves  marked 
auad  were  calculated  from  the  more  accurate  equation 
(27)  also  using  For  forv/ard  propagation  both  curves 

are  nearly  coinciding.  This  is  caused  by  the  high  values  of 
Xo/L  in  our  measurements  for  which  equs.(25)  and  (27)  are 
nearly  equal.  (If  the  phase  velocities  of  the  first  partial 
waves  are  calculated  according  to  equ.(25)  using  u  the 

O  y  V 

deviations  from  the  curves  and  -V^  are  very  small).  The 
difference  between  -V^  and  becomes  very  Itirge  according 

to  these  calculations*  if  Xo,o/4  is  approaching  the  period 
length  I.  In  this  case  a  certain  medium  element  is  not  able 
to  meet  the  sound  wave  at  the  next  resonator  in  the  same  phase 
relation  without  meeting  a  whole  sound  wave  in  the  interval . 
Synchronism  is  now  possible  only  with  the  partial  wave  of  the 
next  higher  order, 

in  Fig. 26  pairs  of  values  of  frequency  and  flow  velocity 
for  maximal  deattenuation  with  propagation  of  the  sound  in  flow 
direction  (circles)  and  the  corresponding  values  (triangles) 
for  sound  propagation  against  the  flow  direction  are  entered. 
These  points  respond  better  to  the  curves  for  than  to 
those  for  For  backward  propagation  this  is  explained 

by  the  fact  that  the  partial  wave  with  n  »  -1  is  essentially 
limited  to  the  immediate  neighborhood  of  the  wall,  A  calcu¬ 
lation  for  slit  resonators  reveals  that  this  spatial  limita¬ 
tion  is  more  marked  for  n  «  -1  than  for  n  »  +1.  Another 
contribution  -  predominately  effective  for  forward  propaga¬ 
tion  -  to  this  behaviour  is  given  by  the  fact  [12]  that  for 
lines  with  attenuation  in  the  uncoupled  state*  i.e,  here  in 
resting  air,  the  maximum  of  amplification  is  with  rising 

46 


attenuation  moving  to  flow  velocities  smaller  than  the  phase 
velocity  of  the  coupling  wave.  Therefore  the  points  Just 
above,  the  resonance,  that  is  in  a  range  with  high  line 
attenuation,  are  noticeably  below  the  curve  for  synchronism 
and  approaching  this  at  higher  frequencies  with  decro using 
attenuation. 

The  pronounced  reduotion  of  the  amplification  caused 
by  the  line  attenuation,,  well  known  from  the  travelling 
wave  tube,  is  visible  in  all  measurements.  Especially  detri- 
mentous  is  the  line  attenuation  for  the  oscillatory  power 
of  backward  wave  oscillators.  The  deattenuation  with  backward 
measurements  is  effected  by  such  regenerative  amplification 
mechanism.  But  its  not  very  distinct  behaviour  is  also  evident, 
since  a  certain  medium  element  has  a  much  shorter  time  of  st^y 
in  front  of  the  resonators  in  the  correct  phase  relation  than 
with  forward  propagation. 

The  wavynssa  of  the  sound  pressure  at  the  entrance  of 
the  duct  found  in  attenuation  measurements  at  certain  fre¬ 
quencies  is  in  agreement  with  the  theory  of  the  travelling 
wavs  tube.  According  to  this  theory  four  waves  exist  in  the 
duct  under  amplification  conditions.  One  of  them  is  propaga¬ 
ting  against  the  flow  the  other  three  in  flow  direction.  One 
of  these  three  waves  is  amplified  and  another  is  attenuated. 
Under  C0i*tain  conditions  of  flow  velocity  and  frequency  they 
have  nearly,  but  not  quite  the  same  phase  velocity;  this  gives 
rise  to  a  wavyness  of  the  sound  pressure  in  the  entrance  of 
the  ducto  The  v/avyness  is  also  a  consequence  of  line  attenua¬ 
tion;  on  dissipation  free  lines  the  phase  velocities  are 
accurately  the  same  over  the  entire  amplification  range  and 
the  wavyness  is  therefore  disappearing:  V/avyness  was  mainly 
found  in  the  first  amplification  ranges  above  the  resonance. 

In  the  following  pictures  pairs  of  values  of  frequency 
and  flow  velocity  for  maximal  deattenuation  in  forward  pro¬ 
pagation  are  compared  with  the  phase  velocity  of  the  first 
partial  wave  for  those  absorbers  from  section  A,  which  show 
deattenuation. 
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In  Fig, 27  phase  velocity  and  wavelength  of  the  fundamental 
wave  in  a  duct  according  to  Fig, 18  with  resonators  with  pro- 
truding  necks  are  entered.  The  measurements  were  made  in 
resting  air  and  at  a  flow  velocity  V  jj  +  40  m/sec.  It  Is  ob¬ 
vious  that  the  phase  velocity  in  streaming  air  is  not  a  linear 
combination  of  phase  velocity  in  resting  air  and  flow  velocity. 
At  1.55  kcps  the  difference  between  these  two  velocities  is 
only  20  m/sec,  although  here  the  resonance  shift  should  pro¬ 
duce  a  difference  greater  than  40  m/sec.  This  is  a  consequence 
of  the  influence  of  the  deattenuation  on  the  dispersion. 

Figo28  represents  the  comparison  of  points  of  maximal  amplifi¬ 
cation  with  the  partial  wave  velocity,  calculated  with 
The  same  is  illustrated  in  Fig, 29  for  the  comb  lines  according 
to  Figs.  19  and  21.  Here  the  phase  velocity  u^  in  equation  (.25) 
was  that  measured  in  resting  air.  This  may  be  done  since  the 
superposition  of  flow  has  very  little  effect  on  the  partial 
wave  velocity.  Even  in  Fig,30  with  the  resonators  according 
to  Fig, 22  with  the  large  flow  dependent  shift  of  the  resonance 
frequency  there  is  not  much  difference  between  the  phase  velo¬ 
cities  of  the  partial  wave  in  resting  air  and  at  V  +  55  m/sec 
in  the  frequency  tanga  indicated  in  the  fifpare. 

From  these  figures  good  agreement  of  flow  velocity  and 
frequency  of  maximal  deattenuation  with  the  dispersion  curve 
cf  the  first  partial  wave  is  seen.  This  result  is  the  main 
experimental  conf Irm.ation  for  the  correctness  of  the  concep¬ 
tion  of  the  sound  amplification  mechanism  as  it  was  deduced 
and  developed  above.  Geveral  other  details  found  during  the 
course  of  the  measurements  confirm  the  close  relation  bet-veen 
travelling  wave  tube  and  sound  amplification:  .borne  01  these 
details  were  described  above,  others  v/ere  not  distinct  enough 
for  a  discussion  in  this  work  or  were  net  closely  examined. 

So.  for  example,  a  slight  ircreace  of  the  attenuation  Just 
above  the  amplification  range  can  be  feer.  in  the-  attenuation 
curves  cf  Fi.gs,  11  and  12.  According  ro  the  dispersion 
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diagram  cf  the  partial  vyave  the  partial  wave  is  propagating 
faster*than  the  ficw  at  the  corresponding  frequencies  above 
the  amplification  range »  Lika  in  a  linear  accelerator  energy 
is  exchanged  from  the  sound  wave  to  the  flow 

In  the  same  way  the  attenuation  maxima  for  backward  pro¬ 
pagation  found  in  Pigs.  16  and  17  Just  above  the  ranges  of 
regenerative  backward  wave  amplification  (no*  very  distinct 
here)  are  to  be  explained.  For  a  correct  comparison  of  these 
attenuation  increases  it  has  to  be  kept  in  mind;,  that  due  to 
the  change  of  wavelength  caused  by  the  flow  (as  discussed  in 
Part  II  A  1 )  the  attenuaticn  for  forward  propagation  should 
be  lower  than  that  for  resting  air.  and  that  the  attenuaticn 
for  backward  propagation  should  be  higher  than  for  resting  adr* 
Alsc  in  the  turbulence  and  amplitude  deoendence  of  the 
sound  amplificaticn  similarities  to  the  travelling  wave  tube 
are  found,  although  here  the  different  types  of  wave  guide 
which  have  several  times  been  mentioned  before  should  have 
a  considerable  influence.  The  sound  wave  is  propagating  in 
the  flew  itself  end  is  therefore  directly  influenced  by  the 
turbulence i  whereas  in  the  travelling  wave  tube  ‘  turbulence’' 
cf  the  electron  beam  has  a  direct  influence  only  on  the  space 
charge  waves.  In  fact,  the  phenomena  in  the  electron  beam  of 
a  travelling  wave  tuba  operated  at  high  ampll tudes  and  high 
space  charge  densities  closely  resemble  a  turbulence  f.l8]; 
by  overtaking  of  electrons  in  the  beam  very  unregular  density 
patterns  are  cccurlng  along  the  travelling  path^  the  temporal, 
course  of  the  electron  density  at  a  certain  point  of  the 
delay  line  in  seme  distance  from  the  electron  source  displays 
a  great  number  of  overtonesi  by  this  "turbulence’’  electron 
packs  are  disintegrated »  As  soon  as  more  electrons  are  trans¬ 
ported  into  the  accelerating  phase  of  the  wave  by  these  over¬ 
taking  processes  than  into  the  retarding  phase  the  signal 
amplitude  is  reduced  and  the  amplification  goes  over  into 
attenuation™  This  mechanism  may  without  farther  difficulties 
be  applied  to  the  turbulence  sensitivity  of  the  sound 
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amplification.  According  to  our  conception  the*soxind  ampli¬ 
fication  is  based  on  the  fact  that  a  pulsation  in  the  right 
phase  relation  is  huilt  up  in  the  flew,  that  this  phase  rela¬ 
tion  ’is  kept  up  and  that  the  pulsation  is  amplified  over  the 
travelling  path.  These  pulsations,  being  mere  flow  events, 
are  by  velocity  fluctuations  in  turbulent  flow  restrained 
from  keeping  up  the  proper  phase  relation  if  not  already  in 
the  beginning  the  establishment  of  this  phase  relation  was 
prevented  altogether.  The  main  difference  to  the  travelling 
wave  tube  is  that  in  our  case  turbulence  is  to  a  great  extent 
independent  on  the  sound  wave,  whereas  in  the  travelling  wave 
tube  turbulence  is  produced  by  overtaking  effects  in  the  elec¬ 
tron  beam  produced  by  high  signal  amplitudes-.  Better  agreement 
may  be  expected  with  respect  to  the  ajnplitude  dependence  of 
the  amplification.  As  in  the  duct  also  in  the  travelling  wave 
tube  constant  amplification  is  observed  over  a  wide  range  of 
lower  amplitudes  (in  [18]  this  range  is  given  with  20  to  ^0  dB? 
comp.  Fig,i.5)j  for  increasing  amplitudes  the  amplification  is 
rapidly  decreasing  and  changing  into  attenuation  under  certain 
conditions.  For  the  amplitude  dependence  of  the  sound  ampli¬ 
fication  w©  have  to  consider  that  i+  occurs  (acc  to  Fig  1 ?  i 
at  those  amplitudes  (concluded  from  .in  estimation  of  the  sound 
pev/er  input  of  the  duct)  for  which  the  Helmholtz  resonators 
alone  become  non-linear  because  of  the  high  sound  levels 
in  the  resonator  necks-  This  is  underlined  by  the  smal.er  amp¬ 
litude  dependence  of  the  amplification  at  higher  frequencies” 
for  constant  sound  pressure  level  the  non-linearity  of  the 
Helmholtz  resonators  is  decreasing  with  increasing  frequency 

[19]" 

However,  if  we  discuss  turbulence  and  amplitude  dependence 
of  the  sound  amplification  we  leave  the  impicit  condition  for 
our  explanation  of  the  amplification  mechaniem.  namely  the 
linearization  of  the  problem,  that  mecoic  sciall  amplitudes 
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Do 

.  We  have  given  an  intuitive  explanation  *for  sound  ampll- 
fication  as  it  occurs  in  spatially  inhomogeneous  flow  ducts 
coated  with  reactive  absorbers.  This  explanation  given  in 
close  analogy  to  the  amplification  mechanism  of  the  travelling 
wave  tube  permits  the  interpretation  of  a  ntunber  of  measuring 
results  found  in  relation  with  the  sound  amplification  and 
serves  as  a  guiding  principle  for  further  investigations,. 

A  quantitative  treatment  of  a  linearised  theory  would  require 
a  calculatory  expenditure  unusual  in  acoustical  investigationa - 
It  is  questionable  whether  it  would  lead  to  better  results 
than  the  qualitative  description^  A  statement  concerning  the 
amount  cf  amplification  would  be  important ^  It  is,  however.; 
felt  that  this  depends  to  a  great  extent  on  the  shape  of  the 
resonators  and  their  necks  and  this  very  condition  is  not 
easily  introduced  into  a  mathematical  formulatiouc  The 
theory  will  also  be  unable  to  consider  turbulence  in  the 
flew  and  at  the  resonator  necks  It  ie-  however,  a  matter  of 
principal  importance  if  the  results  of  a  quantitative  investi¬ 
gation  could  be  compared  with  the  results  reported  in  this 
work-  The  solutions  indicated  for  suet  treatment  in  this  work 
promise,  after  suitable  experimental  investigations  on  the 
flow  at  the  resonators,  a  simple  calculation. 

The  author  wants  to  thank  Prof,  rr,Dr,-Ing.  e-h-  E.Koyer 
for  his  interest  in  this  v/ork  and  for  many  helpful  discussions. 
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Fig. 2:  Block  diagram  for  phase  measurements 
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Fig. 4:  Curvature  of  wave  front  in  front  of  porous  absorbers 
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Fig.So:  Attenuation  a  versus  frequency  f  of  a  rock  wool  absorberwith 
perforated  cover.  Parameter:  flow  velocity  V. 
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Fig.7:  Attenuation  per  wavelength  for  flowvelocities  V  versus  frequency  f 
of  a  rockwoll  absorber  with  perforated  cover. 


Fig. 8:  Chongs  of  the  attenuation  rotated  to  the  wavelength 
as  a  function  of  the  flow  velocity  V. 

a)  Rock  vffSQi  a  bsorbtrwJth  perforated  coverfFtg.S), 

b) Absorber  consisting  of  damped  Helmholtz  resonators  (Fig. 9.) 


61 


0  0.2  0.4  0.6  OjB  W  12  14  1.6  1.6  2JJ  22  2.4  2,6  2,6  3.0  32 
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Fig. 9.:  Attenuation  a  versus  frequency  f  of  on  obsorioer  consisting  of  damped 

Hetmhoitz  resonator s  ( flow  resistance  in  the  necks  by  porous  Mikropor-foit). 
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Attenuation  of  Uodaniped  Resonators  versus  Frequency 
Po'-crrteter  Wind  Velocity  V(>0). 


Fig.12:  Measurements  concerning  the  amplitude  dependence  of 


attenuation  ot  flow  velocity  Vs  ^45m  sec  and  three  signal 
levels. For  cornpoflson :  otienual ion  in  resting  air. 


(Vs  0^  dotted  line). 
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F}g.13:  Amplitude  dependence  of  sound  omplificotion  al  flow  velocity  V=*45mjse 
Porometer :  signal  level. 
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Fig. 15 

Records  of  the  sound  pressure  when  pulling  the  microphone 
through  the  duct  coated  with  undamped  Helmholtz  resonators. 
Fig  14  Flow  velocity  V -  f- 45, 2 m/sec,  Frequency  f  ~1.75kc/sec 
Amplification  oc  =  25dBlm. 

Fig.15:  Frequency  f  =15kcfsec 

(a)  Signal  at  resting  air. 

(b) Flow  noise. 

(c)  ~( t)  Signal  at  flow  velocity  V -  •t-45  m/sec  for 
different  signal  levels. 
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Flg.16:  Atienuoiion  CL  versus  frequency  f  of  undamped  Helmholtz  resonators  for 
sound  propagation  against  flow(\/=0).  Hatched  area :  see  text. 


Fig,18:  Attenuation  ocversus  frequency  f  for  an  absorber  consisting 
of  Helmholtz  resonators  with  protruding  necks. 
Parameter:  flow  velocity  V(tQ)  and  signal  level. 
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FigJS:  Attenuation  a  versus  frequency  f  of  a  single  sided ., comb  line” 
Parameter:  flow  velocity  V  0). 

S.E.:  Self- excitation  frequency  of  duct  for  flow  velocity  V=+35 m/sec 
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Ffg.20:  Affenuation  a  versus  frequency  f  of  a  double-sided  „  comb  line’. 
Parameter:  flow  velocity  V  0)  and  signal  level. 

The  hatched  area  contains  ail  measuring  points  at  the  given  flow  velocities  V.  * 

S.E. : Self-excitation  frequency  of  duct  for  flow  velocity  V=->’30ny^^ 


•  V*  j0/7y^40aB 
o  V:  4  0ni^<5dB 

*  y  •  50m^  SOtfB 
o  V  eOmyr^SOdB 
^  Vi  ao/iu  ^OdB 


0  QZ  0.*  0.6  ao  W  12  H  16  1.9  2.0  2?  Z.t  2.S  2.6  3.0  3,2  .  ,  35 

Fig.21:  Attenuation  a  versus  frequency  f  of  a  singtesicled„comb  line 
with  smaller  slits.  Parameter:  flow  velocity  V  { t  0) 
and  signal  level. 
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Ftg.23:  Relative  change  of  resonance  frequency  f^  and  the  derived  vibrating  mass  rn  of 
single  Helmholtz  resonator  with  short  neck  according  to  Fig.22  caused  by 
flow  with  the  flow  veloity  V. 
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i-ig.24;  FiBld patiern  of  elect rical  field  strength  in  front  of  a  ,, comb  line'! 


sec  I  PA? as e  XeJoc/^/  ^  Aff^nuafian 


i  : 
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resono/ors  accord,  to  Fig.11  in  resting  (V=0)  and  in  streaming  air  (Vs  t^S  mfsec  ) 
and  attenuation  measured  simultaneously  as  a  function  of  frequency  f . 

Thin  dctltd  tint:  dispersion  curve  for  streaming  air  shifted  downwards  by  the  valUv  of  the  flow 

velocity  V  e*45 


Fig. 26:  Comparison  of  points  of  maxima!  deattenuation  with 
the  dispersion  curve  of  the  first  partial  waves. 
Duct  with  undamped  Helmholtz  resonators. 


Ofre-quency  and  flow  velocity  for  maxim'Ot  ampiificaiion  with  forward 
propagation 

Af requency  and  absolute  amount  of  flow  velocity  for  maximal 
deatienuation  with  backward  propagation  (V-<G}. 
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Flg.2?:  Phase  velocity  and  v,^avelength\gOf  the  fundamental  wave  in  the  duct  coated 
with  Helmholtz  resonators  with  protruding  necks  accord,  to  Fig. 18. 

o 

Parameter:  flow  velocity  V. 
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Appendix  I. 

Dlfferantial  Equation  for-  the  Alte-mating  Component  of  the 
Mass  glow  Penalty  In  a  Duct  with  Variable  Boundary. 

!fh9  flow  VCz,t)  is  aepst'Qtad  ir»to  a  stationary  fundamen.- 
tal  flow  V  and  an  alternating  term  V^(z,t)  which  includes  par™ 
tide  velocity  as  well  as  an  eventual  flow  pulsation.  The  co¬ 
ordinate  dependence  of  the  duct  boundary  is  taken  into  account 
with  respect  to  its  infinaif^c-e  on  fundamfintal  flow  by 
sotting  up  tho  latter  as  a  function  of  z.  The  problem  is  limi¬ 
ted  to  a  uni-dimensional  flow  in  z-dlreetion.  The  conditions 
enumerated  in  the  te:^  be  imposed.  All  values  are  a  sum  of  the 
stationary  term  (index  o)  and  the  alternating  term  (index  1). 
The  alternating  term  is  proportional  to  e 

As  fundnmental  equation  we  use  the  equation  of  force: 


dV 

dt 


dV 

•-* 


o 

(V  V)V 


(lA) 


tho  equation  of  continuity 

dp  , 

'"^div  J  (J  •  mass  flow  density)  (2A) 

.  o 

tho  adiabatic  equation  of  state  in  the  form 


Pi 


?1 


(p  *  pressure) 


(5A) 


and  the  defining  equation  for  the  mass  flow  density 

o 


For  the  uni -dimensional  case  with  the  presupposed  time  de¬ 
pendence  follows  after  separation  from  the  equation  valid  for 
tho  stationary  values 


dVo 


=  -  alteraatlng  terms  of  first  order. 


From  f^A)  and  (6A)  .follt.ws 


V. 


*\o 


— /  .  -  5-0  J3  j-o  ^  --  J-  JU  ^1  i?k} 


I0 


o 


o 


whence  with  dJ  /d^  *«  0 


dVl 


lui  :r 


‘5'=  ^  3 

whence  follows  together  with  (5A) 


dV^dJi  .  V  f 
7  dz'-^  "  -  7^ 


(8A} 


5~Jl  dVn  ,  ^  T  dVf;  w*^-. 

f  -^o^.)  f  Jj(2^,|  dT  - 

J 


tI  ll^l 


■c 

V>  / 


C9A) 


From  a  development  of  the  right  side  of  this  equation  follows 
1  *r  O  A,.  1  V? 


r  I  ^  ^  :pji.  .  ^  ^0 

t  S  S  ‘3  37  5f  j,J5^  ST  a. 


(lOA) 


Here 


**■1  ci  i-^J, 

03  JW  jv^2 


aiA) 


accor-llng  to  equation  OAj  ora  'b>>)  a.n,'.  ao^criing  to  the 
equation  cf  force  i.oi  staticrcry  i  arme  „ 


do,  ° 


A  rr 

\t.  r§ 


\  tc 


cu> 


a2A) 


“(lOA)  is  now  written 


Substituting  this  into  equ.C^A)  and  introducing  the  Kach 
number  Jfl(z)  »  Vp(z)/c  and  the  wave  numbor  k  •=  cd/c  results  in 


(14A) 


If  we  assume  M«l*  we  obtain  the  differential  equation  given 
in  the  text: 


.  Mg)-  Ifl 


C15A), 


Q?he  alternating  pressure  is  related  to  the  alternating 
flow  density  by 


Pi 


Appendix  II. 

Partial  Waves  in  Resting  Air. 

The  inhomogeneous  duct  be  extending  in  z-direction.  Also 
the  sound  v;ave  shall  propagate  in  this  direction.  F  be  a  sound 
field  value  responding  to  the  wave  equation 


2 

^  +  (A  .  ^  Q  ^2) 

with  k  «  (*)/c  (c  velocity  of  sound)  and  the  Laplacian 

operator  of  the  plane  normal  to  the  z-a:cis. 

In  the  homogeneous  duct  the  set-up  is  made  [3] 

2^ 


o 


v^ith  constant  e.  .7iien  introducing  the  z-dependent  boundary 
conditions  into  the  genered  solution  of  the  separated  wave 
equation  we  come  to  the  condition  that  £  be z-dependent »  Instead 
of  (2B)  with  constant  e  we  sat  up 

-  -  H(z)  <*  P,  (3B) 

where  H(z)  is  a  periodic  function  of  z  with  the  length  of 
period  L.  Whence  follows 'the  differential  equation 

^  —  H(z))F  0  . 

This  is  a  Hill's  differential  equation  with  the  periodic 
coefficient  HCz),  which  has  according  to  the  theorem  of 
Floquet  a  sclution  of  the  form 

P  « ^  A^(xey)-’Q“^‘"L~^  o  (5®) 

The  summands  represent  the  partial  waves?  are  their 

amplitudes  (complex  and  depending  on  the  transverse  coordj.nates) 

£  with 
n 

fi  S'  B  -i-  — y”  o  C6By 

n  o  ii 

are  their  phase  constants  (for  “dissipation-! ree  propagation? 
otherwise  are  the  propagation  constants),  B^  is  the  phase 
constant  of  the  fundamental  wave.  The  summation  index  n  runs 
from  -  00  to  ’»•  00 .  “ 

“  Only  the  totality  of  the  partial  waves  ie  able  to  satisfy 
the  boundary  conditions o  On  the  other  hand  the  mutual  ratios 
of  the  partial  wave  amplitudes  and  of  the  fxindamental  wave 
amplitude  are  only  given  by  the  geometry  and  the  boundary 
conditions  of  the  ducto  This  is  proved  by  introducing  the 
solution  (5B)  into  the  differential  equation  (43)^  whence 
is  obtained 

O 
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o 


o 


o  o  42TEn  * 

S  ^  ~  0. 


f7B) 


1?h93e  sums  f^^m  an  ortbogonal  aystem  in  0  ^  z  ^  L;  because  ex 


f  Jj-  T'ji*  a  m 


0  £ov  n  m 


(SB) 


The  axEiaandsmua'c  therefore  disappear  aepei-ately.  That  gives  us 
the  following  differential  equation  for-  the  amplitude  distri¬ 
bution  of  the  pai‘tial  waves  over  the  cross-section  of  the  duet 


^|.2,A^(x»7)  -i  (k^  -  BpA^CiK^y)  -  0 


(  QK  ^ 


The  mutual  amplitude  ratios  of  the  partial  waves  are  constant 
over  the  entire  length  of  the  duct,,  if  the  boundary  conditi.ons 
are  constant*  ^ 

From  (6B)  follows  for  the  phase  velocity  of  the  n-th 
partial  wave 


u  «  cd/B 
n  n 


u. 


u 


(iOB) 


with  the  phase  velocity  and  the  wavelength  of  the  fun¬ 
damental  wave  in  the  duct*  For  tho  group  velocity  v^  we 
obtain 


n 


^gn  "  “  dSJT^w 

'•  n  0 


SO 


(IIB) 


Tiia  energy  is  transported  by  the  i,otality  of  the  partial 
waves* 
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Appendix  III 

Partial  '.Vaveg  in  Air  Flow. 

Our  problem  is:  is  there  in  iahomogeneous  ducts  a  partial 
wave  with  phase  velocity  as  a  solution  of  the  wave  equation 
in  flow  with  the  flow  velocity  V  so  that 


u 


n 


V 


(1C) 


The  wavs  equation  in  friction-free,  uni-diiiiensional  flow 
without  vortices  with  the  adiabatic  equation  of  state  of  air 
is  ^ 

(l/c^)[d/^t  "h  V=Ji/oz]^]  P  ..  0  (2C) 

O 

if  the  flew  velocity  is  laxge  compared  to  the  alternating 
velocities  [11].  This  equation,  can  ha  transformed  into  the” 
usual  equation  by  a  Galilean  transf ormatl on 


X 


/s 


X 


«/ 


t 


(3C)  o 


This  transf oivnation  has  the  disadvantage  that,  because  of 


h/bt 


/i*. 

V-/  V  hr 


-  > 

'  V/  V/4# 


f4G) 


a  harmonic  analysis  is  impossible  in  the  new  coordinates  and 
that,  because  of  " 

diJ  »  dz  ^  V  ^  dt  (50 

ths  length  of  period  L  becomes  time  dependent »  Therefore  sub¬ 
sequently  a  Lorentz  transformation  is  applied  to  the  trans¬ 
formed  coordinates  ^  and  The  wave  equation  is  irvariant  to 
the  Lorentz  transformation  and  altogether  'vs  have 


X'  X 

y*  -  y 

z'  -  U^z  .J 

t'  *  (l/p)“t  -I-  (V/c^)  =  z 
u  1/1^  ^  HS^’  j  M  «  V/c 


(6C) 
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S/3t'  »  u^S/dt 

d/dz'  «  (l/u)°d/dz  ”  (V/c^)o9/dt 

and 

da ’  »  udz 

dt*  -  (l/u)?dt  +  (V/c^).dz 
and  the  wave  equation  writes 


fy- 


dz 
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(70) 

(80) 


rar!> 

\  / 


Here  P'  ••  P'  (xsyjz’it')  la  the  field  value  in  the  transformed 
coordinates. remains  unchanged  because  of  the  invariance  of 
x°and  y.  If  F  is  a  harmonic  function,  of  the  tiaa9  than  also 
F'  is  according  to  equ.(7G)  a  harmonic  function  of  the  time^ 
With  the  radian  frequency  w'  and  the  wave  number  k*  «  w’/o 
equation  (90)  is  written  In  the  transformed  coordinate  system 

+  (A..^  +  k'^)F'  »  0  .  (100) 

dz' 

This  is  the  same  equation  as  (IB)  in  Appendix  II.  We  can  hero 
repeat  the  set-up  (2B); 

^tr^'  -  -  H*  (z’)'F'  9  (110) 

since  according  to  (80)  the  boundary  vsduss  are  only  func¬ 
tions  of  z'.  Therefore  H'  is  a  psriodio  function  of  z'  with 
the  length  of  period  L’  and  acoo:rding  to  equ„(SC)  L‘  *  uL» 

This  means  that  we  can  apply  the  considerations  about  the 
equations  (4B)  to  (9B)  of  Appendix  II  directly  on  the  corres¬ 
ponding  primed  values  In  the  transformed  coordinate  systeau 
Returning  to  our  Initial  problem  we  have  to  examine 
whether  u^  *  V  Is  possible.  For  this  purpose  ws  have  to 
e^rsso  and  L'  in 


and  also  V‘  in  th®  transformed  coordinate  system  by  the  cor¬ 
responding  values  w,  ]3_,  L*  and  V,  which  are  open  for  measure- 

c 

SIGXt-^  a 

Applied  on  P'(z\  t')  we  obtain 


^/dz'  »  -  JQ' 

and 

d/3t ' 

'  “  jw 

and  applied  on  F(z,  t)  we 

have 

b/dz  «  -  JB 

and 

3/3t 

According  to  the  r-ules  of  calculation  for  the  introduc¬ 
tion  of  new  coordinates  follows 

3'  -  B/\i  <■  wV/c^  and  co‘  •<  liu  «  C13C) 

With  (13c)  and  L'  »  pX  equation  (12G)  writes 


u. 


h 


1 


- 

"V  nu 
C 


and  from  (SC)  follows 

2 

V  «  dz'/dt'  =  V  ^ — 5 

].  4-  uM‘“ 


C14G) 


C15C) 


so  thiit  the  condition  u'  «  V  is  equivalent  to 


V 


(16C) 


Itiio  is  again  the  well  known  condition  for  synchronism 
between  flow  and  partial  wave.  For  and  the  values  with 
superimposed  flow  have  to  he  taken. 

According  to  (16C)  the  partial  wave,  which  vd.th  superim¬ 
posed  flow  Is  defined  only  in  the  transformed  coorilinata  system 
by  equation  (5B)  in  Appendix  II »  is  propagating  with  the  veloci¬ 
ty  of  flow,  if  the  came  was  ti'ue  for  a  partial  wave  according 
to  the  calculation  with  resting  air  as  far  as  the  values  changed 
by  the  flow  are  introduced  for  and  By  proper  dimensioning 
equation  (16C)  can  certainly  be  satisfiedc 
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